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A new water-soluble bis-PTA ruthenium (II) hydride complex, IndRu(PTA)2H, is 
obtained by conversion of the mixed-phosphine ruthenium complex IndRu(PTA)(PPh3)Cl 
into IndRu(PTA)(PPh3)H followed by addition of 1,3,5-triaza-7-phosphaadamantane 
(PTA). IndRu(PTA)2H is air sensitive and reacts with chlorinated solvents yielding 
IndRu(PTA)2Cl. The synthesis, isolation, reactivity, and crystal structure of 
IndRu(PTA)2H and IndRu(PTA)2Cl are described. H/D exchange reactions of 
IndRu(PTA)2H with D2O was performed and compared with DpRu(PTA)2H and the 
previously studied CpRu(PTA)2H. The rate of H/D exchange of the hydride complexes 
was found to be in the order of DpRu(PTA)2H > CpRu(PTA)2H > IndRu(PTA)2H. 
 Insertion of CS2 into the Ru-H bond of CpRu(PTA)(PR3)H (Cp = Cp, Tp, Dp, 
Ind, Cp*; PR3 = PTA, PPh3) was successfully accomplished to make a series of air-stable 
CpRu(PTA)(PR3)(SC(S)H) complexes. All compounds were structurally characterized 






P) NMR spectroscopic studies, and ESI-MS) 
and in the solid state (IR, and single-crystal X-ray crystallography). The rate of CS2 
insertion observed for CpRu(PTA)(PPh3)H is in the order of Cp* > Tp > Dp > Cp> Ind, 
a result of interplay of electronic and steric factors of the Cp capping ligand. Insertion of 
the isoelectronic CO2 into the Ru-H bonds was investigated and found to be unfavorable. 
The CO2-inserted products CpRu(PTA)2(OC(O)H) (Cp = Cp, Dp) were unstable and 
non-isolable, easily reverting back to the corresponding hydrides upon warming or by 
purging with N2. Insertion of bulkier molecules such as phenyl isothiocyanate and phenyl 





 CpRu(PTA)2CH3 where Cp = Cp, Dp, Ind was synthesized by the reaction of 






P NMR spectroscopy. The properties of these novel CpRu(PTA)2CH3 
complexes are described.   
 The efficiency of the chloride version of the catalysts has been explored for the 
atom transfer radical addition (ATRA) of CCl3CO2Et to styrene in the presence of AIBN 
as a radical source. A series of kinetics plots for the addition of CCl3CO2Et to styrene 
catalyzed by CpRu(PPh3)(PR3)Cl (where Cp = Cp, Cp*; PR3 = PTA, PMe3) obtained 
using 
1
H NMR spectroscopy were used to investigate the effects of [AIBN], [PPh3], Cp* 
and PR3 ligands. 
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H} NMR spectrum of PTA in D2O. 
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H} NMR spectrum of PTA in D2O. 
 
Thermal ellipsoid representation (50% probability) of [IndRu(PTA)3]Cl 
with the atomic numbering scheme. Hydrogen atoms have been 
omitted for clarity. 
 
1
H NMR spectra of the hydride region showing the formation of 
IndRu(PTA)2H in toluene-d8 at 80 °C. 
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C NMR of IndRu(PTA)2H in DMSO-d6. 
 
IR spectrum of solid IndRu(PTA)2H. (Ru-H) is indicated by arrow. 
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(Ru-H) and (Ru-D) labeled. 
 
The calculation procedures for Ru-H to Ru-D ratio by Hooke’s law. (k 
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The calculated force constant values based on (Ru-H) of 
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Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2H in methanol. Inset shows computer generated spectrum 
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Thermal ellipsoid representation (50% probability) of IndRu(PTA)2H 
with the atomic numbering scheme. Hydrogen atoms, except for the 
hydride, have been omitted for clarity. 
 
Aqueous/organic solution of IndRu(PTA)2H is yellow in color (left 











































































































H} NMR spectrum of IndRu(PTA)2Cl in CDCl3. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2Cl in methanol. Inset shows computer generated spectrum 
of IndRu(PTA)2Cl. 
 
Thermal ellipsoid representation (50% probability) of IndRu(PTA)2Cl 
with the atomic numbering scheme. Hydrogen atoms have been 





H} kinetics for the reaction of IndRu(PTA)2H and D2O at 25 °C. 
Disappearance of IndRu(PTA)2H (singlet) and appearance of 
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(a) H/D exchange of IndRu(PTA)2H with D2O at 35 °C is followed by 
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H} NMR spectra for the reaction of DpRu(PTA)2H and D2O. 
There is disappearance of the DpRu(PTA)2H singlet peak and 
appearance of the DpRu(PTA)2D three-line-patterned peak over time. 
 
Plot of ln ([A]/[A]) versus t for the H/D exchange reaction of 































































































Eyring plot for the H/D exchange between DpRu(PTA)2H and D2O. 
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H NMR spectrum for TpRu(PTA)(PPh3)H in d6-DMSO (inset 




H NMR spectrum for TpRu(PTA)(PPh3)H in d6-DMSO 
(inset shows hydride region). 
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P NMR spectrum for TpRu(PTA)(PPh3)H in d8-toluene (inset shows 
expanded portion of the region). 
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P NMR spectrum for Cp*Ru(PTA)(PPh3)H in d8-toluene (inset shows 
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Electrospray HRMS (CH3OH) for TpRu(PTA)(PPh3)H. 
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region while the left array of spectra show appearance of the 
dithioformate proton at the opposite region. 
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H NMR spectrum of DpRu(PTA)2(SC(=S)H) in CDCl3; solvent (S), 
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P NMR spectrum of IndRu(PTA)(PPh3)(SC(S)H) in d8-toluene (inset 
shows expanded portion of the spectrum). 
 
31
P NMR spectrum of Cp*Ru(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 

































































































P NMR spectrum of DpRu(PTA)(PPh3)(SC(S)H) in d8-toluene (inset 
shows expanded portion of the spectrum). 
 
31
P NMR spectrum of CpRu(PTA)(PPh3)(SC(S)H) in d8-toluene (inset 
shows expanded portion of the spectrum). 
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P NMR spectrum of TpRu(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 
shows expanded portion of the spectrum). 
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C NMR spectrum of CpRu(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 





H} NMR spectrum of TpRu(PTA)(PPh3)(SC(S)H) in CDCl3 
(inset shows dithioformate region). 
 
IR spectra of IndRu(PTA)(PPh3)H (blue) and 
IndRu(PTA)(PPh3)(SC(S)H) (red). 
 
IR spectra of CpRu(PTA)2H (blue) and CpRu(PTA)2(SC(S)H) (red). 
 
Thermal ellipsoid representation of CpRu(PTA)2(SC(S)H) (50% 
probability) including the atomic numbering scheme. Hydrogen atoms, 
except the dithioformato hydrogen, have been omitted for clarity. 
 
Possible electron delocalization over the SC(S)H moiety. 
 
Thermal ellipsoid representation of TpRu(PTA)(PPh3)(SC(S)H) (50% 
probability) including the atomic numbering scheme. Hydrogen atoms, 
except the hydrotris(pyrazol-1-yl)borate (Tp) and dithioformato 
hydrogen, have been omitted for clarity.  
 
Mechanism for the CS2 insertion into Ru-H bond 
 
Kinetic plot of CS2 insertion into the Ru-H bond of 
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Figure 3.25A is white cis-Ru(PTA)4(H)2 solid suspended in D2O/THF 
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bottom of the flask in D2O/THF solvent system.  
 




H} NMR spectrum of  cis-Ru(PTA)4(SC(S)H)2 in 




H} NMR spectrum of cis-
Ru(PTA)4(H)2 in D2O. 
 

































































































form. Bottom figure shows presence 
of 9 and 19 (in acetonitrile). 
 
High resolution ESI-MS (positive) spectrum of DpRu(PTA)2(OC(O)H) 
(20) showing presence of the starting hydride DpRu(PTA)2H (3) (in 
acetonitrile). 
 
ESI-MS (positive) spectrum of CpRu(PTA)(PPh3)(OC(O)H) in 
acetonitrile. 
 





H NMR spectra of CpRu(PTA)2(SC(NPh)H) (top) and 
CpRu(PTA)2H (bottom)  in C6D6.  
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H NMR spectrum of IndRu(PTA)2(SC(NPh)H) in C6D6. 
 
1
H NMR Spectrum of DpRu(PTA)2(SC(NPh)H) in C6D6. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(SC(NPh)H)  (21) in acetonitrile solution. HRMS (ESI-
TOF, CH3CN) m/z: [M + H]
+
 Calcd for C24H36N7P2Ru1S1 618.1272; 
Found 618.1280. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2(SC(NPh)H) (22) in acetonitrile/methanol solution. 
HRMS (ESI-TOF, CH3CN/CH3OH) m/z: [M + H]
+
 Calcd for 
C28H38N7P2Ru1S1 668.1428; Found 668.1423. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)2(SC(NPh)H) (23) in acetonitrile/methanol solution. 
HRMS (ESI-TOF, CH3CN/CH3OH) m/z: [M + H]
+
 Calcd for 
C27H40N7P2Ru1S1 658.1585; Found 658.1579. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)(PPh3)(SC(NPh)H) (24) in acetonitrile solution. HRMS 
(ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C39H43N4P2Ru1S1 
763.1727; Found 763.1719. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)(PPh3)(SC(NPh)H) (25) in acetonitrile solution. HRMS 
(ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C40H41N4P2Ru1S1 
































































































Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)(PPh3)(SC(NPh)H) (26) in acetonitrile solution. HRMS 
(ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C36H39N4P2Ru1S1 
723.1414; Found 723.1413. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
TpRu(PTA)(PPh3)(SC(NPh)H) (27) in acetonitrile solution. HRMS 
(ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C40H44B1N10P2Ru1S1 
871.2083; Found 871.2056. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
Cp*Ru(PTA)(PPh3)(SC(NPh)H) (28) in acetonitrile solution. HRMS 
(ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C41H49N4P2Ru1S1 
793.2197; Found 793.2176. 
 
Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(OC(NPh)H) in acetonitrile (top). Bottom figure shows 




Top figure is 
1
H NMR spectrum of CpRu(PTA)2(CH3) in CDCl3 (inset 
shows Ru-CH3 protons) while bottom figure is 
1
H NMR spectrum of 
CpRu(PTA)2Cl in CDCl3. 
 
Assigned and integrated 
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H NMR spectrum of DpRu(PTA)2(CH3) in C6D6. 
 




H} NMR spectrum of CpRu(PTA)2(CH3) in CDCl3 










H} NMR spectrum of DpRu(PTA)2(CH3) in CDCl3. 
 




H} NMR spectrum of CpRu(PTA)2(CH3) in CDCl3 








C NMR spectrum of DpRu(PTA)2(CH3) in CDCl3. 
 
Electrospray HRMS (C6H6) analysis for DpRu(PTA)2(CH3), 



































































































H NMR spectrum of the mixture obtained from methylation of trans-





H} NMR spectrum of the mixture obtained from methylation of 
trans-Ru(PTA)4Cl2 in CDCl3. 
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C NMR spectrum of the methylation product of trans-Ru(PTA)4Cl2 
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H NMR spectrum in toluene-d8 of the 1:1 adduct 40 (2,2,4-trichloro-4-
phenyl-butyric acid ethyl ester) formed by CCl3CO2Et addition to 
styrene. 
 
Kinetics plot for the addition of CCl3CO2Et to styrene, in the presence 
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H NMR spectra in toluene-d8 for the CpRu(PPh3)(PTA)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded 





H NMR spectra in toluene-d8 for the CpRu(PPh3)(PMe3)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded 
every 10 minutes, at 60 °C, and displayed from 0.5 ppm through 7.5 
ppm.  
 
Cp*Ru(PPh3)(PTA)Cl versus Cp*Ru(PPh3)(PMe3)Cl: kinetics plot for 














































































Cp*Ru(PPh3)(PR3)Cl and followed by 
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H NMR spectra in toluene-d8 for the CpRu*(PPh3)(PTA)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded 





H NMR spectra in toluene-d8 for the Cp*Ru(PPh3)(PMe3)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded 
every 10 minutes, at 60 °C, and displayed from 0.5 ppm through 7.5 
ppm. 
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Atom transfer radical addition of CCl3CO2Et to styrene catalyzed by 
CpRu(PPh3)(PR3)Cl complexes (where Cp = Cp*, Cp, Dp, Ind, Tp; 

























Introduction and Background 
1.1 Properties and Importance of Ruthenium Complexes 
 Ruthenium (II) complexes with various phosphine ligands are important 
molecules due to their chemical reactivity and importance in catalysis. Ru(II)-complexes 




















 and alkene and alkyne metathesis,
16
 among others. Useful characteristics of 
many ruthenium complexes include high tolerance toward functional groups, high 
electron transfer ability, high Lewis acidity, low redox potentials, and stability of reactive 
metallic species such as oxometals, metallacycles, and metal carbene complexes.
17
 
Hence, it is not surprising that extensive effort has been devoted to applying Ru(II)-based 
catalysts in aqueous organometallic catalysis.
18-20
 Water-soluble organometallic catalysts 
have additional advantages including:
18-20
 
(a) use of water- a naturally abundant and green (nontoxic, nonflammable, and 
nonhazardous) solvent, 
(b) recovery of the expensive catalysts and isolation of the organic product by phase 
separation,  
(c) aqueous medium may also significantly influence the properties of the transition 
metal complexes compared with their analogues in organic solvents (eg. improved 





 An effective approach to achieve water solubility of such catalysts is by 
attachment of hydrophilic groups on the ligand framework. Water-soluble phosphines are 




1.2 Synthesis and Properties of 1,3,5-Triaza-7-phosphaadamantane (PTA), an 
Aminophosphine 
Recent efforts have focused on the development of metal complexes with water 
soluble ligands, mainly phosphines.
20a
 Phosphines are widely used in catalysis because 
they are strong -donors and can stabilize low metal oxidation states to form stable metal 
phosphine complexes. A variety of water-soluble phosphines have been designed 
employing polar or ionic hydrophilic moieties such as sulfonate, ammonium, hydroxyl, 
and carboxylate groups. Some examples of water-soluble phosphines are given in Figure 
1.1. Among neutral water-soluble phosphines, PTA (1,3,5-triaza-7-phosphaadamantane) 
has received increasing attention due to its use and interesting properties as a ligand and 
its versatility in synthetic modifications.
22 
 PTA was first reported by Daigle et al. in 1974.
23
 The synthesis of PTA may be 
carried out on 80-90 gram scale (65-80% yield) by treating the commercially available 
and inexpensive tetrakis(hydroxymethyl)phosphonium chloride and sodium hydroxide 
with formaldehyde and hexamethylenetetramine (HMT) in ice-water (Scheme 1.1). The 
chemistry of PTA has been summarized by Peruzzini and co-workers in recent review 
articles.
22
 This aminophosphine has been commercially available from both Aldrich and 










Scheme 1.1 PTA Synthesis. 
 
 PTA is readily soluble in water, methanol, acetone, dichloromethane, chloroform, 
acetonitrile and DMSO. The solubility of PTA in water is ca. 235 g/L, and this high 
solubility is presumably due to the presence of three tertiary amine functionalities that 
can form intermolecular hydrogen bonds with water. In the solid form, PTA is stable 
when exposed to air. It is also thermally stable, decomposing at temperatures higher than 
260 °C. PTA oxidizes slowly in solution.  
  PTA has a small cone angle of 103°, which is similar to PH2Me (cone angle 




































































parameter derived from the (CO) A1 band (2071 cm
1
) of Ni(CO)3(PTA) in CH2Cl2,
24
 
which showed that PTA is a weaker electron donor than PMe3 (cone angle 118°; (CO) 




 PTA is slightly more electron 
donating than PPh3 based on (CO) of RhCl(CO)(PTA)2. PTA has (CO) A1 band of 
Ni(CO)3(PTA) at 2071 cm
1
 and RhCl(CO)(PTA)2 at 1963 cm
1
; while PPh3 has (CO) 
A1 band of Ni(CO)3(PPh3) at 2068.9 cm
1




A list of 




 are given in Table 1.1. 
 
Table 1.1 Infrared data (CH2Cl2) for Ni(CO)3(PR3) and trans-RhCl(CO)(PR3)2 
complexes and the Tolman cone angle (θ) for various PR3. 
 
PR3 








PCy3 2056.4 1943 170 
PMe3 2064.1 --- 118 
PEt3 2061.7 1958 132 
PPhCy2 2060.6 1964 --- 
P(NMe2)3 2061.9 1964 168 
PPhEt2 2063.7 1964 136 
PTA 2071 1963 103 
P(p-C6H4F)3 2071.3 1983 --- 
P(o-Tol)3 2066.6 1974 194 
PPh3 2068.9 1979 145 
P(C6F5)3 2090.9 2005 184 
 





NMR spectrum, Figure 1.2. The 
1
H NMR spectrum of PTA in D2O, Figure 1.3, displays a 
doublet centered at δ 3.81 ppm (
2
JPH = 8.8 Hz) for PCH2N protons, and an AB quartet at 
4.38 and 4.34 ppm (
2
JHAHB = 12.4 Hz) for NCHAHBN protons in the ratio of 1:1.  The 
13
C 





and display as a doublet at 47.7 ppm (
1
JPC = 19.4 Hz); while the equivalent NCH2N 
carbons of PTA show as a doublet at 70.8 ppm (
3




















H} NMR spectrum of PTA in D2O. 
 
 The application of PTA as a water-soluble ligand for the synthesis of different 





 or photoluminescent properties.
22,28
 
Transition metal complexes of PTA have been employed for a range of catalytic 
transformations
22









hydrogenation of ,-unsaturated carbonyls,
8a,31








 Our group has been interested with the synthesis, characterization, and properties 




1.3 Cyclopentadienyl-type (Cp) complexes 
The cyclopentadienyl group is one of the most important polyenyls because it is 
the most firmly bound and the most inert to nucleophilic or electrophilic reagents.
42
 Cp is 
a reliable stabilizing ligand for CpMLn (n = 2, 3, 4) and acts as a spectator ligand making 
the chemistry occur only at the MLn group.
42
 CpMLn, also known as half-sandwich 
organometallic complexes, are often referred to as “two-, three-, or four-legged piano 
stools,’’ with the Cp being the “seat” and the other ligands as the “legs.”  
Cyclopentadienyl-type ligands (Cp*, Cp, Dp, and Ind, Scheme 1.2) are anionic 
and pentahapto (η
5
), providing three pairs of -electrons for -bonding to the metal. η
5
-
Cp groups typically show a resonance in the 
1
H NMR at δ 4-6 ppm, as appropriate for an 
aromatic group. The Cp-based (Cp) and hydrotris(pyrazolyl)borate (Tp) ligands are 
isoelectronic and capable of forming structurally analogous half-sandwich complexes. 
The differences in steric and electronic properties of the cyclopentadienyl-based ligands 
can be used as a tool in fine tuning the reactivity of metal complexes. Half-sandwich 
ruthenium hydride complexes with Cp-type ligands have been the subject of many 









Scheme 1.2 Cyclopentadienyl-type ligands 
 
1.4 Synthesis and Properties of Transition Metal Hydrides  
 Metal hydrides are generated in situ from precatalysts or synthesized, isolated, 
and utilized as catalysts. A variety of preparative routes can be used in the formation of 
metal hydride complexes.
44,45
 These include (i) reaction of the metal chlorides with 
methoxide, borohydride, or formate; (b) oxidative addition of H2 or HX to a metal 
complex; (iii) protonation of neutral or anionic complexes; (iv) -hydrogen elimination 
from alcohols in the presence of base.
44,45
  
 Metal hydrides are clasically characterized by 
1
H NMR because they resonate to 
high field of TMS in a region (δ -2 to -20 ppm) normally free of other ligand 
resonances.
42
 IR studies show weak (M-H) stretching frequencies in the range 1500-
2200 cm
1 
(while (M-D) appears at 1300-1400 cm1).42,46 
 Metal hydrides can react with substrate or solvent by transferring a proton, 
hydride, or hydrogen atom.
43
 Examples of the more significant reactions of metal 























Scheme 1.3 Reactions of metal hydrides 
 
  
 Transition metal hydrides are kinetically very reactive species
42,47
 and undergo a 
wide variety of reactions including H/D exchange, insertion, metathesis, and chlorination. 
H/D exchange reactions of water-soluble metal hydrides will give us insights on catalysis 
in aqueous media. The insertion of small unsaturated molecules (such as CO2, CS2, COS) 
into the M-H bond is an important reaction of metal hydrides due to its potential 
usefulness as C1 building blocks in constructing higher organic structures. Metathesis 
and chlorination reactions can give intermediates or products that are synthetically useful 
or catalytically active. 
1.5 Organization and Scope 
This dissertation is divided into the following five chapters: 
 Chapter 1 provides general introduction on ruthenium (II) complexes. General 
background on the synthesis, properties and characterization of ruthenium (II) complexes 
containing PTA, cyclopentadienyl-type, and hydride ligands, CpRu(PTA)(PR3)H are 
included. 
WH6(PMe3)3 + NaH Na[WH5(PMe3)3] + H2
a) Proton transfer
b) Hydride transfer and insertion
Cp2*ZrH2 + CH2O Cp2*Zr(OCH3)2
Cp2ZrHCl + RCH=CH2 Cp2ZrCl(CH2-CHR)
c) H atom transfer
[Co(CN)5H]






 Chapter 2 outlines the synthesis and characterization (both spectroscopic and 
crystallographic) of half-sandwich bis-PTA ruthenium (II) complex, IndRu(PTA)2X 
where X = H or Cl. H/D exchange of IndRu(PTA)2H and DpRu(PTA)2H are discussed 
and compared with the previously reported H/D exchange of CpRu(PTA)2H. 
 Chapter 3 contains the synthesis, spectroscopic, and crystallographic 
characterization of a series of CS2 inserted half-sandwich ruthenium PTA complexes, 
CpRu(PTA)(PR3)(SC(S)H), (Cp = Cp, Dp, Ind, Tp, Cp*; PR3 = PTA or PPh3). CO2 
insertion on bis-PTA ruthenium (II) metal hydrides CpRu(PTA)2H where Cp = Cp, Dp, 
Ind are also discussed. Insertion of phenyl isothiocyanate and phenyl isocyanate into the 
Ru-H bond of CpRu(PTA)(PR3)H are also included. 
 Chapters 4 and 5 describe CpRu(PR3)2Cl complexes. Methylation of 
CpRu(PTA)2Cl (where Cp = Cp, Dp, Ind) is discussed in Chapter 4 while atom transfer 
radical addition (ATRA) reactions of CpRu(PPh3)(PR3)Cl (where Cp = Cp, Cp*, Dp, 
Ind; PR3 = PTA, PPh3, PMe3) is in Chapter 5. 
 Chapter 6 provides some general conclusions. This is followed by an Appendix 
which contains NMR/IR/HRMS spectra, raw data and error analysis for H/D exchange 
reactions and CS2 insertion reactions, and tables of bond lengths and angles for the 
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Synthesis, Characterization, and H/D Exchange Reaction of IndRu(PTA)2H 
2.1 Introduction 
 Metal hydrides play a central role in inorganic and organometallic chemistry 
primarily due to their reactivity and their involvement in many stoichiometric and 
catalytic processes.
1-11
 Polyenyl ruthenium (II) hydride complexes of the type CpRuL2H 
(Cp = C5H5 (Cp), C5Me5(Cp*); L = CO, PR3, PAr3) have been the subject of a number of 
investigations in the last two decades.
5-19
 Reactions of CpL2RuH with chlorinated 
solvents result in piano-stool CpRuL2Cl compounds which are reported to have 
antitumor properties
13
 and these CpL2RuX (X = H, Cl) compounds are active in the 
catalytic reduction of , -unsaturated carbonyls.
12,14-15,20-24
 Our group is interested in 
synthesizing water-soluble ruthenium catalysts that participate in catalytic reactions in 
water and/or under biphasic conditions.
25,20-22
 Of particular interest to us is the use of 
1,3,5-triaza-7-phosphaadamantane (PTA). PTA, first reported by Daigle et al. in 1974,
26
 
is a neutral, air-stable, and water-soluble ligand with a small cone angle of 103°.  









); X = Cl, H) which is extensively studied,
6-11,20-24,25
 the analogous 
IndRu(PTA)2X (Ind = C9H7)  is still unknown. The interest in the indenyl ligand 
originates from its resemblance to η
5
-cyclopentadienyl Cp/Cp* ligands. Consequent 
interest in indenyl ligand increased due to observance of the phenomenon called indenyl 









 ring slippage involving arene 
stabilization.
5
 Indenyl complexes are known to exhibit reactivity and stereochemical 
features different from those of the corresponding cyclopentadienyl complexes, but 
evidence is still limited. The goals of this research are to synthesize, characterize, and 
investigate the properties of IndRu(PTA)2X to gain better insight in its structure and 
reactivity in comparison with CpRu(PTA)2X.  
2.2 Results and Discussion 
2.2.1 Synthesis and Characterization of IndRu(PTA)2H 
Metal hydrides can be prepared using a variety of routes.
27
 These include (i) 
oxidative addition of H2 or HX to a metal complex; (ii) ligand (usually halide) 
substitution with hydride from a Main Group complex hydride such as LiAlH4 or NaBH4; 
(iii) protonation of neutral or anionic complexes; (iv) β-hydride elimination from alcohols 
in the presence of base. CpRu(PTA)2H complexes have previously been obtained from 
their air-stable chloride version, CpRu(PTA)2Cl  either by (ii) or (iv).  
 
Scheme 2.1. Synthetic route to 
CpRu(PTA)2Cl. 
 
Figure 2.1. Thermal ellipsoid representation 
(50% probability) of 
[IndRu(PTA)3]Cl with the 
atomic numbering scheme. 
Hydrogen atoms have been 














 CpRu(PPh3)2Cl, due to the lability of PPh3, is a useful synthon for the synthesis 
of a variety of CpRu(PR3)2Cl including the bis-PTA ruthenium complexes (Scheme 2.1). 
However, addition of two equivalents of PTA to IndRu(PPh3)2Cl produced 
[IndRu(PTA)2(PPh3)]Cl.
20
 An attempt to synthesize IndRu(PTA)2Cl by using excess PTA 
resulted in the formation of [IndRu(PTA)3]Cl in 69% yield. This tris-PTA cationic 




H} NMR spectrum at 28.2 ppm in water. 
An X-ray structure of the complex is depicted in Figure 2.1. An alternative synthetic 
pathway to CpRu(PTA)2Cl via substitution of cyclooctadiene by PTA in CpRu(COD)Cl 
(Scheme 2.1),
20,24,28
 yielded an unidentified mixture of products. 
 The only successful synthetic route up to date involves the conversion of 
IndRu(PTA)(PPh3)Cl to IndRu(PTA)(PPh3)H followed by the addition of PTA to obtain 
IndRu(PTA)2H (1), Scheme 2.2.  In fact, this is the first report on the synthesis of 
complex 1.   
 











































 The formation of IndRu(PTA)2H from the mixed-phosphine hydride was 
monitored at 80 °C over time by 
1
H NMR spectroscopy in toluene-d8, which shows the 
disappearance of a doublet of doublets (
2
JPTA-H = 32.0 Hz and 
2
JPPh3-H = 29.2 Hz) at 16.0 
ppm and the appearance of a triplet (
2
JPTA-H = 34.4 Hz) at 17.4 ppm, Figure 2.2. The 
higher field shift of the Ru-H signal for IndRu(PTA)2H compared with 




H NMR spectra of hydride region showing the formation of IndRu(PTA)2H 
in toluene- d8 at 80 °C. 
 
 The pale yellow IndRu(PTA)2H was obtained in moderate yield (63%) after 
refluxing the toluene solution of IndRu(PTA)(PPh3)H and PTA under nitrogen for 24 hrs. 





mL before filtering through celite to remove the excess PTA, which is only slightly 
soluble in toluene. The filtrate was dried under vacuum to give IndRu(PTA)2H as a pale 
yellow solid. This solid was washed with diethyl ether to remove the PPh3 byproduct. 
IndRu(PTA)2H is water soluble (
H2OS25°C = 15.8 g/L; 2.97 x 10
3
 M), and the pH of a 1.3 
x 10
3
 M solution of 1 is ca. 8.0 due to the basic amine functionalities of the PTA ligands. 
Complex 1 is soluble in common organic solvents such as acetonitrile, acetone, methanol, 











H} NMR, ESI+ HRMS, and IR spectroscopy.  
 The PTA ligands appear in the 
31
P NMR spectrum of 1 as a doublet centered at 
17.4 ppm in D2O (
2
JPH = 34.4 Hz). The 
1
H NMR spectrum of 1, in d6-DMSO, contains a 
set of doublet of doublet resonances in the range of δ 7.527.48 ppm and δ 6.766.74 
ppm for the two types of Cp(CH)4 protons which both exhibit long range coupling (
4
J(HH) 
= 6.3 Hz, 
3
J(HH) = 3.0 Hz), Figure 2.3. The Cp signals appear as a triplet at 5.11 ppm 
(
3
J(HH) = 2.7 Hz) and a doublet at 4.92 ppm (
3
J(HH) = 2.7 Hz) as expected.  The NCH2N 
and PCH2N protons of PTA appear as apparent triplets centered at 4.31 ppm (
2
J(HAHB) = 
13.0 Hz) and 3.54 ppm (
2
J(HAHB) = 15.0 Hz), respectively. The hydride resonance is 
observed as a triplet at 17.41 with 
2




H} spectrum of 1, in d6-
DMSO, contains two Cp(CH)4 resonances at  δ 121.6 ppm and 120.8 ppm. The Cp 
carbons of the indenyl ligand shows up at 105.1, 72.2, and 54.8 ppm while the carbons of 
the PTA ligand shows up at the expected region (70.9 ppm for NCH2N and 59.5 ppm for 
























 IndRu(PTA)2H was also characterized by IR spectroscopy, Figure 2.5. A sharp 
medium intensity band was observed at 1984 cm
1
 which was identified as (Ru-H) 
through isotopic labeling. The observed (Ru-H) for IndRu(PTA)2H is in good agreement 
with the DFT calculated value of 1980 cm
1
.  Deuteration of IndRu(PTA)2H results in the 
disappearance of the absorption band at 1984 cm
1
 and the appearance of a new peak at 
1465 cm
1
 for the Ru-D of IndRu(PTA)2D, Figure 2.6. This shift is consistent with the 
shift predicted for a Ru-H vs. Ru-D by Hooke’s law (the predicted Ru-D band is at 
1984*0.71 = 1413 cm
1
). The experimental (Ru-D)/(Ru-H) is 0.74, which is close to 





Figure 2.5. IR spectrum of solid IndRu(PTA)2H. (Ru-H) is indicated by arrow. 
 


















Figure 2.6. IR spectra of IndRu(PTA)2H (blue) and IndRu(PTA)2D (red) with (Ru-H) 




      
 
   
   
 
    
      
        
 
   
   
 
              
             
         
 
   
   
 
              
             
 
    
    
  
 
              
             
 
              
             
      











 The electronic nature of Cp and PR3 ligands exhibited influence on the location 
of (Ru-H) in the CpRu(PTA)(PR3)H complexes, Table 2.1. For instance, Dp is a better 
electron donor than Cp, and DpRu(PTA)2H (1890 cm
1
) exhibits a lower (Ru-H) than 
CpRu(PTA)2H (1927 cm
1
). Furthermore, PTA is slightly more electron donating than 
PPh3 and the observed (Ru-H) for DpRu(PTA)2H (1890 cm
1
) is lower than that of 
DpRu(PPh3)2H (1920 cm
1
). The IR data suggest decrease in (Ru-H) frequency with 
increase in the donating ability of the ligands (Cp and PR3). There are other factors 
affecting IR stretching frequencies, such as sterics or the size of the ligand, which can 
explain deviations from the effect of the electron donating ability of the phosphine or Cp 
ligand to the (Ru-H).  
 The IR data give insights on the strength of the Ru-H bonds of 
CpRu(PTA)(PR3)H complexes. Compared with the previously synthesized 
CpRu(PTA)2H and DpRu(PTA)2H, it should be noted that complex 1 exhibits the highest 
(Ru-H). This may suggest that IndRu(PTA)2H has the strongest Ru-H among the three 
bis-PTA ruthenium hydrides, Table 2.1. The force constant for Ru-H of CpRu(PTA)2H 
complexes were calculated, as shown in Figure 2.8, using the observed (Ru-H) of the 







 for IndRu(PTA)2H, CpRu(PTA)2H, and DpRu(PTA)2H, respectively. The 
force constant for Ru-H of the mixed phosphine complexes were calculated as well and 
found to be 220 Nm
1


















 for DpRu(PTA)(PR3)H ((Ru-H) of 1892 cm
1
); and 216 
Nm
1
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--- 36.0 13.9 (t) 1890 































Solid state as KBr pellet; 
c
In DMSO-d6; see reference 31. IR frequencies 
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Figure 2.8. The calculated force constant values
29
 based on (Ru-H) of IndRu(PTA)2H, 




Figure 2.9. Expanded high resolution ESI-MS (positive) spectrum of IndRu(PTA)2H in 






 The high-resolution mass spectrum, in ESI+ mode, was acquired using a methanol 
solution of IndRu(PTA)2H. The ESI-TOF mass spectrum showed the highest peak 
intensity at m/z 533.1267 which is assigned to C21H33N6P2Ru1 [M + H]
+
. This is 
consistent with the calculated m/z of 533.1285, Figure 2.9. 
 Single crystal X-ray diffraction was used to identify the solid state structure of 
IndRu(PTA)2H. Yellow crystals suitable for X-ray diffraction were obtained after two 
weeks of slow evaporation of a methanol solution of 1 inside the drybox. A thermal 
ellipsoid view of 1 is depicted in Figure 2.10, along with the atomic numbering scheme.  
Selected bond distances and bond angles are contained in Table 2.2. The geometry of 
IndRu(PTA)2H is best described in terms of three-legged piano stool with the legs 
comprising of two PTA ligands and one hydride. The PTA ligands are bound through the 
phosphorus as expected and are positioned away from the hydride ligand, suggesting the 
presence of a third ligand (the hydride). The hydride was located in the Fourier difference 
map and its position was refined. The Ru-H bond distance of 1.52(5) Å is within the 
lower value of the previously reported distances in similar complexes. The range of Ru-H 
bond lengths for the very few structurally characterized CpRu(PR3)2H is 1.56 – 1.73 
Å.
16,18-19,32
 Bond angles and bond lengths for IndRu(PTA)2H obtained by DFT 
calculations are consistent with the crystallographically obtained structure, Table 2.2.  





 and IndRu(PTA)2H is presented in Table 2.3. All three bis-PTA 
ruthenium hydride complexes consist of an η
5
-Cp ligand bound to the ruthenium. The P-
Ru-P bond angle of 98.51(3) for IndRu(PTA)2H is larger than that reported for the Cp 





Cp ligand changes: Cp 95.68(2); Dp 96.18(5); Ind 98.51(3). The Ru-P distances vary 
between 2.2186(13) – 2.2360(9) Å depending on the ancillary Cp ligand. The Ru-P bond 
lengths of 2.23 Å for IndRu(PTA)2H conforms to the reported Ru-P range of 2.21 – 2.25 
Å in the literature for CpRu(PR3)2H.
16-19,28,32
 The distance between the Ru and Ind plane 
(Cpcent) is observed to be 1.928 Å for IndRu(PTA)2H, a little larger than the standard Ru-
Cp distances of 1.84 - 1.89 Å,
25,28,30
 which is possibly due to the greater steric 
requirements of Ind. The observed Ru-Cpcent distance of 1 is comparable to the 
previously synthesized indenyl ruthenium complexes IndRu(PTA)(PPh3)Cl and 
IndRu(PMe)(PPh3)Cl  with Ru-Cpcent distances of 1.89 Å and 1.90 Å, respectively.
20 
The 
indenyl ring of 1 can be best described as η
5




coordination. The slip distortion is calculated to be 0.111(4) Å () and is obtained by the 
difference in the average Ru to C distances of bridgehead C(13,17) and C(14,15,16).
33
 It 









Figure 2.10. Thermal ellipsoid representation (50% probability) of IndRu(PTA)2H with 
the atomic numbering scheme. Hydrogen atoms, except for the hydride, 





Table 2.2. Experimental (X-ray) and calculated (DFT) selected bond lengths [Å] and 
angles [°] for IndRu(PTA)2H, BJF423. 
 X-ray DFT 
Ru-H 1.52(5) 1.59 
Ru-P(1) 2.2360(9) 2.366 
Ru-P(2) 2.2344(9) 2.364 
Ru-C(13) 2.347(4) 2.528 
Ru-C(14) 2.239(4) 2.299 
Ru-C(15) 2.222(4) 2.253 
Ru-C(16) 2.241(3) 2.301 
Ru-C(17) 2.343(3) 2.529 
Ru-CInd-Av 2.2784(4) 2.4374 
Ru-Cp cent 1.928 2.040 
P(1)-Ru-P(2) 98.51(3) 97.15 
P(1)-Ru-H 81.5(18) 84.60 
P(2)-Ru-H 78.8(18) 84.30 
 






Ru-H 1.68(7) 1.62(4) 1.52(5) 
Ru-P(1) 2.2220(7) 2.2186(13) 2.2360(9) 
Ru-P(2) 2.2267(7) 2.2237(12) 2.2344(9) 
Ru-CCp-Av 2.250(3) 2.2434(4) 2.2784(4) 
Ru-Cpcent 1.846 1.888 1.928 
P(1)-Ru-P(2) 95.68(2) 96.18(5) 98.51(3) 
P(1)-Ru-H 81(2) 85.5(16) 81.5(18) 
P(2)-Ru-H 73(2) 82.4(16) 78.81(18) 
 a
See reference 25; 
b
See reference 30. 
 
2.2.2 Reactivity of IndRu(PTA)2H 
Chlorination of IndRu(PTA)2H 
 IndRu(PTA)2H is extremely air-sensitive when in solution, turning brown then 
black in about 20 minutes upon exposure to air (Figure 2.11). It undergoes 
hydride/chloride metathesis with chloroalkanes, Scheme 2.3. In CHCl3, yellow complex 1 
is completely converted to orange IndRu(PTA)2Cl (2) within minutes, while in CH2Cl2 





are soluble in aqueous solution (S25°C of 15.8 g/L, 2.97 x 10
2 
M and 17.0 g/L, 3.00 x 10
2 




H} NMR spectrum, of which the relative intensities are concentration-dependent. 
These two resonances observed in the aqueous solution indicate the existence of two 
species apparently due to the partial hydrolysis of the ruthenium-chloride bond and the 
formation of the corresponding aqua complex as displayed in Scheme 2.4. Complex 2 
and its hydrolysis product exist in equilibrium, as verified by the addition of Cl
-
 which 
shifts the equilibrium to the left causing disappearance of resonance for the aqua complex 
at 22.3 ppm and growth of IndRu(PTA)2Cl signal at 20.9 ppm as shown in Figure 





Figure 2.11. Aqueous/organic solution of IndRu(PTA)2H is yellow in color (left NMR 







                              
 
Scheme 2.3 Yellow IndRu(PTA)2H is converted to orange IndRu(PTA)2Cl when 
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H} spectrum of 













































H} spectrum of 1, CDCl3, contains two Cp(CH)4 resonances at  δ 125.1 
ppm and 122.6.8 ppm. The Cp carbons of the indenyl ligand shows up at 107.9, 81.5, and 
60.8 ppm while the carbons of the PTA ligand shows up at the expected region, 73.6 ppm 









H} resonances of IndRu(PTA)2Cl are more downfield compared with 

































 The ESI+ high-resolution mass spectrum, acquired using a methanol solution of 
IndRu(PTA)2Cl, showed the highest ion at m/z 567.0902 which is assigned to 
C21H32Cl1N6P2Ru1 [M + H]
+
. This is consistent with the calculated m/z of 567.0896, 
Figure 2.14.  
 
Figure 2.14. Expanded high resolution ESI-MS (positive) spectrum of IndRu(PTA)2Cl in 
methanol. Inset shows computer generated spectrum of IndRu(PTA)2Cl. 
  
 Orange needles of IndRu(PTA)2Cl suitable for X-ray diffraction were obtained 
after 10 days of slow evaporation of a methanol solution of  2. A thermal ellipsoid view 
of 2 is depicted in Figure 2.15, along with the atomic numbering scheme. The indenyl 
ligand of 2 is coordinated to the Ru center in a distorted η
5
 fashion with slip distortion of 
0.153(3) Å (). Selected bond distances and bond angles for complex 2 are found in 







Figure 2.15.  Thermal ellipsoid representation (50% probability) of IndRu(PTA)2Cl with 
the atomic numbering scheme. Hydrogen atoms have been omitted for 
clarity.  
 
Table 2.4. Selected bond lengths [Å] and angles [°] for IndRu(PTA)2Cl with those 








Ru-Cl 2.4408(7) 2.445(2) 2.4529(8) 2.465(2) 
2.468(2) 
Ru-P(1) 2.2263(7) 2.258(3) 2.2923(9) 2.284(1) 
2.285(2) 
Ru-P(2) 2.2667(7) 2.247(3) 2.3089(9) 2.285(2) 
2.287(2) 
Ru-CCp-Av 2.251(3) 2.197(7) 2.2174(3) 2.211(6) 
2.208(8) 
P(1)-Ru-P(2) 95.56(3) 96.85(5) 97.80(3) 93.30(5) 
93.37(7) 
P(1)-Ru-Cl 89.26(3) 91.61(7) 88.06(3) 90.69(6) 
90.94(9) 







ref. 24, note two molecules in the asymmetric unit. 
  
 Relative to the other CpRu(PTA)2Cl complexes, IndRu(PTA)2Cl exhibits the 
longest Ru-CCp-Av. This resulted to comparable, or sometimes slightly decreased, Ru-Cl 





decrease in the P-Ru-P angle in comparison with the Cp and Dp analogues. In addition, 
the most electron donating and sterically demanding Cp* ancillary ligand displays the 
smallest P-Ru-P bond angle among the Cp series. These observations are consistent with 




2.2.3 H/D Exchange Reaction of IndRu(PTA)2H 
 
Scheme 2.5. H/D exchange reaction of IndRu(PTA)2H 
 
  
 The bis-PTA hydrides, CpRu(PTA)2H, DpRu(PTA)2H and IndRu(PTA)2H, 
exhibit solubility (ca. 20 g/L) and stability in deoxygenated water. The kinetics of H/D 
exchange of CpRu(PTA)2H in D2O were investigated previously in our group.
25 
With the 
specific aim of comparing the rates of H/D exchange with respect to the ancillary ligand 
of ruthenium-hydride complexes, a similar investigation was performed for 
IndRu(PTA)2H (Scheme 2.5). Compound 1 undergoes H/D exchange with D2O, t1/2 = 274 




H} resonance of IndRu(PTA)2H at 17.4 ppm 
disappears, and it is replaced by a three-line-patterned resonance at 17.3 ppm (
2
JPD = 
4.86 Hz) for IndRu(PTA)2D (Figure 2.16). The results of kinetic studies on 1 show that 























IndRu(PTA)2H (Table 2.5). The pseudo-first-order kinetics of the H/D exchange reaction 
of complex 1 was examined over a range of temperatures (25-45 °C). The rate constant at 
different temperature are listed in Table 2.5 and the corresponding plot is shown in 
Figure 2.17. The exponential decay of IndRu(PTA)2H at various temperatures is also 
shown in Figure 2.18. Activation parameters, H
≠ 




24  6 
J/mol-K, were obtained from an Eyring plot of the data as shown in Figure 2.19. An 
activation barrier (Ea) of 94  2 kJ/mol is obtained from an Arrhenius plot of the data, 
Figure 2.20. The negative value of S
≠
 and the relatively small positive value of H
≠
 
suggest an associative mechanism for the H/D exchange of IndRu(PTA)2H in D2O with 
significant bond breaking and bond making processes in the transition state. These results 
support our previous findings for CpRu(PTA)2H.
25
 However, the calculated H
≠
 and Ea 
for 1 are large than that for CpRu(PTA)2H (H
≠
 = 68  2 kJ/mol; Ea = 71  3 kJ/mol; and 
t1/2 = 127 min at 25 °C)
25
 suggesting a less favorable exchange reaction. Furthermore, the 
H/D exchange reaction of 1 at T = 25, 30, 35, 40, 45 °C is slower than what was observed 
for the CpRu(PTA)2H analogue.
25
 Previous electrochemical studies of the 
CpRu(PTA)(PPh3)Cl complexes reveal that the Ind-Ru complexes are more electron rich 
than the Cp analogues.
37,38
 Despite higher electron density of Ind, the H/D exchange of 
IndRu(PTA)(PPh3)H in CD3OD at 25 °C (t1/2 ~ 5.5 d, kobs ~ 0.12 d
1
) was found to be 
much slower than that of CpRu(PTA)(PPh3)H (t1/2 << 10 min).
20,37
  Hence, the electronic 
difference alone between IndRu(PTA)(PR3)H and CpRu(PTA)(PR3)H where PR3 = PTA 
or PPh3, is not likely responsible for this difference. The slower H/D exchange of 





bond of IndRu(PTA)2H as evidenced in the IR spectrum and the sterics imposed by the 
indenyl ligand which inhibits the approach of D2O to the site of protonation for the 






H} kinetic experiments for the reaction of IndRu(PTA)2H and D2O at 
25 °C. Disappearance of IndRu(PTA)2H (singlet) and appearance of 




H} resonances for PTA in IndRu(PTA)2H and IndRu(PTA)2D.  
 
 
Table 2.5. Observed pseudo-first order rate constants for the H/D exchange of 
IndRu(PTA)2H with D2O and IndRu(PTA)2D with H2O as a function of 
temperature. 















 35 7.45 
 40 25.0 
 45 45.8 
IndRu(PTA)2D
b






Average rate constant of two kinetic experiments at different [1] 






Figure 2.17. Plot of normalized ln([A]/[A]) versus t for the H/D exchange of 
IndRu(PTA)2H and D2O at different temperatures.  
 
 
Figure 2.18. Exponential decay (peak height versus time) of IndRu(PTA)2H. 
R² = 0.9742 
R² = 0.9762 
R² = 0.9953 
R² = 0.9844 
















































Figure 2.19. Eyring plot for the H/D exchange between IndRu(PTA)2H and D2O. 
 
 
Figure 2.20.  Arrhenius plot of the H/D exchange between IndRu(PTA)2H and D2O. 
 














103T-1,  Kelvin-1 


















Table 2.6. Kinetic parameters obtained from the H/D exchange reaction of 
IndRu(PTA)2H. 
t1/2   =  274 min at 25 °C 
Ea    =  94  2 kJ/mol 
H
≠
 =  91  2 kJ/mol 
S
≠
  = 24  6 J/mol-K 
kH/kD ~ 8.0 at 35 °C 
 
 There are two possible mechanisms that account for the associative character of 
the reaction, and involve bond breaking and bond making processes in the transition 
state.
25
 One plausible mechanism is as presented in Scheme 2.6 where protonation of 1 by 
water (or D2O) will give a Ru dihyride/dihydrogen intermediate, which will then be 
followed by deprotonation of the intermediate by the hydroxide ion (or 

OD) side-
product. Two competing pathways after the deprotonation step may occur: either H/D 
exchange happens or the reaction goes back to the starting IndRu(PTA)2H, Scheme 2.6. 
There are numerous studies suggesting that protonation of the hydride ligand is 
kinetically favored instead of the metal center. This is because reaction at the hydride site 
involves less geometric and electronic rearrangement.
25,39-41 
Similarly, protonation of the 
PTA ligand is a possibility. Based on our previous investigation on pH dependence of 
CpRu(PTA)2H, PTA is most likely the first one to be protonated giving the cationic 
([CpRu(PTA)(PTAH)H].
22
 This PTA-protonated ([CpRu(PTA)(PTAH)H]
+
) intermediate 

















ligand may then undergo fast internal rearrangement so the H atom of the Ru-H may 
be the one abstracted by the 
–





possible mechanism involves the formation of a four-centered transition state where the 
dihydride (or dihydrogen) is stabilized by the hydroxide (or 

OD) counteranion, Scheme 
2.8. Our previous protonation studies on CpRu(PTA)2H  suggest formation of 
[CpRu(PTA)2(H)2]
+





 Thus, we believe that proton transfer or Scheme 2.6 is the 



















































H} NMR spectroscopy, Figure 2.21. Complex 1D was dissolved in H2O, and the 
disappearance of the three-line-patterned 
31
P NMR signal at 17.3 ppm was monitored. 





































































that for the disappearance of 1. The pseudo-first-order kinetics of the protonation of 1 by 
D2O and protonation of 1D by H2O at 35 °C are presented in Figure 2.22. The 
exponential decay of 1 to 1D and the exponential formation of 1 from 1D at 35 °C are 
shown in Figure 2.23. The observation of both forward (Scheme 2.9) and backward 
(Scheme 2.10) reactions at 308 K allows the calculation of the primary kinetic isotope 






H} kinetic experiments for the reaction of IndRu(PTA)2D and H2O. 
There is disappearance of the IndRu(PTA)2D three-line-patterned peak and 








Figure 2.22. Plot of ln([A]/[A]) versus t for the H/D exchange of IndRu(PTA)2H and 
IndRu(PTA)2D based on 
31




Figure 2.23. (a) H/D exchange of IndRu(PTA)2H with D2O at 35 °C is followed by 
disappearance of singlet. (b) H/D exchange of IndRu(PTA)2D with H2O at 
35 °C is followed by appearance of singlet. 
 
 The normal kinetic isotope effect (kH/kD) observed for 1 and 1D is 8.0 at 35 °C. 
KIE calculation was done by taking into consideration the fractional probability factor 
(F) or the amount of time that the intermediate (Ru(HD)
+
) leads to observable isotopic 
R² = 0.9884 
































































 Also, secondary isotope effects were ignored in the calculation which 
make k2a equal to k1b in Scheme 2.9, and k2b equal to k1a in Scheme 2.10.
25,39
 The rate 
constants kH and kD are calculated by dividing the kobs with the F values (FMH = 0.625 for 
Scheme 2.9 and FMD = 0.375 for Scheme 2.10) reported by Norton et al.
39
 for the 
protonation of CpW(CO)2(PMe3)H with 4-tert-butyl-N,N-dimethylanilinium. The rate 








at 35 °C, 
respectively. The KIE calculated (8.0) is in very good agreement with the expected 
isotope effect of 8.4 at 298 K obtained using equation (1) for the proton transfer from 
H2O (or D
+





Scheme 2.9. Protonation of Ru-H. 
 
 
Scheme 2.10. Protonation of Ru-D. 
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2.2.4 H/D Exchange Reaction of DpRu(PTA)2H 
 The effect of the Cp ancillary ligand to the kinetics of H/D exchange reaction 
was studied in more detail with DpRu(PTA)2H (3). The exchange reaction at room 
temperature was very fast and was already done even before the first 
31
P NMR spectrum 
could be acquired. Due to the rapid exchange (< 5 min), H/D exchange for 3 was 
examined at lower temperatures (0, 5, 10, 15 °C). DpRu(PTA)2H undergoes H/D 





resonance of DpRu(PTA)2H at 15.6 ppm disappears, and it is replaced by a three-line-
patterned resonance at 15.5 ppm (
2
JPD of 5.02 Hz) for DpRu(PTA)2D (Figure 2.24). The 
rate constant at different temperature are listed in Table 2.7 and the corresponding plot is 







H} spectra for the reaction of DpRu(PTA)2H and D2O. There is 
disappearance of the DpRu(PTA)2H singlet peak and appearance of the 





Table 2.7. Observed pseudo-first order rate constants for the H/D exchange in 
DpRu(PTA)2H, as a function of temperature.
a
 











 10 1.77 
 15 1.94 
  a
In D2O.  
 
 
Figure 2.25. Plot of ln ([A]/[A]) versus t for the H/D exchange reaction of 
DpRu(PTA)2H and D2O.  
 
 The activation parameters were obtained from an Eyring plot of the data, Figure 
2.26 and are summarized in Table 2.8; H
≠
 is 6.3  0.3 kJ/mol and S
≠
 is 275  1 
J/mol-K. The activation energy (Ea) was calculated to be 8.6  0.3 kJ/mol from an 
Arrhenius plot of the data as shown in Figure 2.27. The signs of the activation parameters 
R² = 0.9489 
R² = 0.9931 
R² = 0.9924 
























further confirmed the proposed associative mechanism for the H/D exchange of 
CpRu(PTA)2H complexes with D2O. The H/D exchange reaction of 3 at any temperature 
is so much faster than what was observed for the CpRu(PTA)2H and IndRu(PTA)2H 
analogues. These fast kinetics may be due to the higher electron donating ability of Dp 
compared with Ind and Cp which results to a weaker Ru-H bond of 3 as evidenced in the 
IR spectrum (Dp displays a (Ru-H) at 1890 cm1, the lowest (Ru-H) among the Cp 
analogues). Thus, both electronic and steric factors play important roles in the H/D 
exchange reactions of CpRu(PTA)2H with D2O. The more electron donating Cp results 
to faster kinetics, while those Cp with higher steric requirement exhibits a slow H/D 
exchange.  
 
Figure 2.26. Eyring plot for the H/D exchange between DpRu(PTA)2H and D2O. 
 



















Figure 2.27. Arrhenius plot for the H/D exchange between DpRu(PTA)2H and D2O. 
 
Table 2.8. Kinetic parameters obtained from the H/D exchange reaction of 
DpRu(PTA)2H. 
t1/2   =  408 sec at 5°C 
Ea     =  8.6  0.3 kJ/mol 
H
≠
 =  6.3  0.3 kJ/mol  
S
≠
  = 275  1 J/mol-K  
 
 
Table 2.9. Comparison of the kinetic parameters obtained from the H/D exchange 
reactions of CpRu(PTA)2H. 
 CpRu(PTA)2H IndRu(PTA)2H DpRu(PTA)2H 







Ea, kJ/mol 71  3 94  2 8.6  0.3 
H
≠
, kJ/mol 68  2 91  2 6.3  0.3 
S
≠
, J/mol-K 94  7 24  6 275  1 
a
Calculated using kobs at 25 °C; 
b
Calculated using kobs at 5 °C due to fast H/D exchange. 
 























P spectroscopic studies on DpRu(PTA)2H at different pH levels were obtained 
both at room temperature and at 5 °C. The peaks are all broad with no observed coupling 
at room temperature (Figure 2.28), an indication that there is some exchange reaction 
going on.  However, 
31
P spectra at 5 °C revealed a lot of information as shown in Figure 
2.29. At pH 9.8, DpRu(PTA)2H appears as a doublet at 15.4 ppm (
2
JPH = 34 Hz). Upon 
lowering the pH to 6.5, a small shift in the NMR resonance to 15.1 ppm (
2
JPH = 34 Hz) 
is observed along with the appearance of a triplet resonance at 14.0 ppm (
2
JPH = 29 Hz). 
The doublet resonance can either be thought of as the PTA-protonated 
([DpRu(PTA)(PTAH)H]
+
) or the hydride-protonated ([DpRu(PTA)2(H2)]
+
). Based on our 
previous studies on pH dependent speciation of CpRu(PTA)2H
22
 and the small shift of 
doublet resonance relative to the starting material DpRu(PTA)2H, the doublet peak at 
15.1 ppm is more likely ([DpRu(PTA)(PTAH)H]
+
). The triplet signal, on the other 
hand, can be assigned to [DpRu(PTA)2(H)2]
+
. A further decrease in pH to 2.1 resulted to 
a more intense peak at 14.0 ppm (
2
JPH = 29 Hz) for [DpRu(PTA)2(H)2]
+ 
and a weak 
doublet resonance at 15.2 ppm (
2
JPH = 34 Hz). These observations suggest that 




















2.3   Concluding Remarks 
 A new bis-PTA ruthenium (II) hydride IndRu(PTA)2H has been synthesized, 
isolated, and characterized. This new compound is water-soluble, air sensitive, and reacts 
with chlorinated solvents yielding IndRu(PTA)2Cl. IndRu(PTA)2H when dissolved in 
D2O exhibits an H/D exchange reaction, yielding IndRu(PTA)2D. The H/D exchange 
kinetics observed for IndRu(PTA)2H are slower than the previously reported 
CpRu(PTA)2H and much slower than DpRu(PTA)2H. This may be due to the greater 
steric demand of indenyl than cyclopentadienyl, and the stronger Ru-H bond in 
IndRu(PTA)2H as evidenced by IR spectroscopy (highest observed (Ru-H) for 1 among 
Cp analogues). The DFT and experimentally calculated Ru-H distance of 1 also support 
the idea of a stronger Ru-H bond in IndRu(PTA)2H. The more electron donating Dp 
exhibited fast H/D exchange kinetics which may be attributed to the higher electron 
donating ability of the ancillary ligand Dp causing a weaker Ru-H bond in DpRu(PTA)2H 
compared with the Cp and Ind analogues. Steric and electronic factors are therefore 
important considerations in H/D exchange reactions of the water-soluble ruthenium bis-
PTA hydride complexes. Kinetic results suggest that protonation of CpRu(PTA)2H 
complexes occurs by an associative mechanism involving both bond breaking and bond 
making processes in the transition state.  
2.4 Experimental Section 
2.4.1 Materials and Methods 
 Unless otherwise noted all manipulations were performed on a double-manifold 





Solvents were freshly distilled from standard drying reagents (Na/benzophenone for 
THF; Mg/I2 for methanol) or dried with activated molecular sieves and degassed with 
nitrogen, prior to use. Deionized water was deoxygenated prior to use. Reagents and 











 were synthesized as reported in the literature. Kinetic investigations 
on the rates of H/D exchange reactions were carried out in J-Young NMR tubes and were 




C NMR spectra were recorded 
on a Varian NMR System 500 spectrometer while 
31
P NMR spectra were acquired on an 





spectra were referenced to residual solvent relative to tetramethylsilane (TMS). 
Phosphorus chemical shifts are relative to an external reference of 85% H3PO4 in D2O 
with positive values downfield of the reference. IR spectra were recorded as KBr pellets 
on a Thermo-Mattson Satellite 3000 FT-IR spectrometer. Electrospray ionization mass 
spectra (ESI-MS) were recorded on an Agilent GG230AA time-of-flight mass 
spectrometer with calibration performed on Agilent solution G1969-85000 with purine at 
121 m/z and HP-0921 at 922 m/z prior to analysis (positive ion mode) and a Waters 
Micromass 20 ESI mass spectrometer (positive ion mode). IndRu(PTA)2H crystals were 
grown inside drybox due to its extreme air sensitivity and crystals were placed under 
paratone oil in the drybox, and then carried quickly to the microscope for mounting on a 
glass fiber. X-ray crystallographic data were collected at 100(±1) K on a Bruker APEX 
CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å) and a detector-to-crystal 





0.5° rotation between frames. Data integration, correction for Lorentz and polarization 
effects, and final cell refinement were performed using SAINTPLUS and corrected for 
absorption using SADABS. The structures were solved by direct methods and refined 
using SHELXTL, version 6.10. All non-hydrogen atoms were refined anisotropically, and 
hydrogen atoms were placed in calculated positions. Crystallographic data and data 
collection parameters are listed in Table 2.10. A complete list of bond length and angles 



















































Empirical formula C21H32N6O3P2Ru C21H31ClN6P2Ru C27H43ClN9O4P3Ru 
Formula weight 579.54 565.98 787.13 
Color Pale yellow Orange Yellow 
T(K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Triclinic Orthorhombic Triclinic 
Space group P-1 Pbca P-1 
a (Å) 6.2430(3) 18.0195(2) 11.2115(4) 
b (Å) 11.8570(6) 12.50350(10) 11.6519(4) 
c (Å) 19.1640(11) 40.1336(3) 15.2008(5) 
 (deg) 72.292(3) 90 111.748(2) 
 (deg) 88.761(3) 90 90.671(2) 
 (deg) 80.844(3) 90 114.265(2) 
Volume (Å
3
) 1333.61(12) 9042.37(14) 1649.64(10) 
Z 2 8 2 
Dcalcd (Mg/m
3
) 1.443 1.663 1.585 
Abs coeff (mm
-1
) 0.740 0.976 0.751 
Crystal size (mm
3
) 0.35 x 0.09 x 0.07 0.13 x 0.09 x 0.08 0.26 x 0.08 x 0.05 




8  h  8 
16  k  16 
26  l  26 
25  h  14 
17  k  17 
56  l  56 
15  h  15 
16  k  16 
21  l  21 





[R(int) = 0.0451] 
13259 
[R(int) = 0.0878] 
9588 
[R(int) = 0.0400] 
abs correction SADABS SADABS SADABS 
data/restraints/params 7767 / 0 / 312 13259 / 0 / 559 9588 / 0 / 388 
GOF on F
2
 1.110 1.051 1.048 
final R indices 
[I>2(I)] 
R1 = 0.0538 
wR2 = 0.1480 
R1 = 0.0387 
wR2 = 0.0724 
R1 = 0.0705 
wR2 = 0.2044 
R indices 
(all data) 
R1 = 0.0587 
wR2 = 0.1510 
R1 = 0.0654 
wR2 = 0.0839 
R1 = 0.0792 









Synthesis of IndRu(PTA)2H (1) 
 IndRu(PTA)(PPh3)H (63.7 mg, 0.10 mmol) was dissolved in 35 mL degassed 
toluene. This was followed by the addition of 1.5 equivalents of PTA (23.6 mg) and the 
mixture was refluxed for 24 hours. The resulting pale yellow mixture was cooled to room 
temperature and filtered through celite, and the solvent was removed under vacuum, 
resulting in 33.5 mg of IndRu(PTA)2H as a pale yellow solid (63%). 
1
H NMR (500 MHz, 
DMSO-d6): δ 7.52 –  7.48 (dd, 
4
J(HH) = 6.3 Hz, 
3
J(HH) = 3.0 Hz, 2H, Cp(CH)4); 6.76 – 6.74 
(dd, 
4
J(HH) = 6.3 Hz, 
3
J(HH) = 3.0 Hz, 2H, Cp(CH)4); 5.11 (t, 
3
J(HH) = 2.7 Hz, 1H, Cp); 4.92 
(d, 
3
J(HH) = 2.7 Hz, 2H, Cp); 4.33 – 4.27 (apparent triplet, 
2
J(HAHB) = 13.0 Hz, 12H, 
NCH2N); 3.57 – 3.51 (apparent triplet, 
2
J(HAHB) = 15.0 Hz, 
2
J(PH) = 15.0 Hz, 12H, 
PCH2N); 17.41 ppm (t, 
2




H}(125 MHz, d6-DMSO): δ 
121.6, 120.8 Cp(CH)4; 105.1, 72.2, 54.8 Cp; 70.9 NCH2N; 59.5 PCH2N. 
31
P NMR (162 
MHz, methanol-d4): δ 15.76 ppm (d, 
2
J(PH) = 34.4 Hz). 
31
P NMR (162 MHz, D2O): δ 
17.4 ppm (d, 
2
JPH = 34.4 Hz). IR (KBr): ν(Ru-H) 1984 (br) cm
1
. 
H2OS25°C = 15.8 g/L. 
HRMS (ESI-TOF, CH3OH) m/z: [M + H]
+
 Calcd for C21H33N6P2Ru1 533.1285; Found 
533.1267. X-ray quality crystals were obtained by slow evaporation of methanol solution 
of IndRu(PTA)2H. 
Synthesis of IndRu(PTA)2D (1D) 
 IndRu(PTA)2H (53 mg, 0.10 mmol) was dissolved in D2O and stirred for 36 hr 









H} NMR (162 MHz, D2O): δ 17.3 ppm (t, 
2
JPD = 
4.86 Hz). IR (KBr): ν(Ru-D) 1465 (br) cm
1
. 
Synthesis of IndRu(PTA)2Cl (2) 
 IndRu(PTA)2H (53 mg, 0.10 mmol) was dissolved in CHCl3 and stirred under 
nitrogen for 4 hr or until color changed from pale yellow to orange. The resultant solution 
was pulled dry under vacuum to afford orange IndRu(PTA)2Cl in quantitative yield. 
1
H 
NMR (500 MHz, CDCl3)  7.33 (dd, 
3
J(HH) = 6.3, 3.0 Hz, 2H, Cp(CH)4); 7.12 (dd, 
3
J(HH) 
= 6.3, 2.9 Hz, 2H, Cp(CH)4); 4.71 (d, 2H, Cp); 4.66 (br. singlet, 1H, Cp);  4.48, 4.40 (AB 
spin system, 
2
J(HAHB) = 12.8 Hz, 12H, NCH2N); 3.99, 3.88 (AB spin system, 
2
J(HAHB) = 















H}  (126 MHz, CDCl3):  125.14, 122.63 Cp(CH)4; 107.92, 
81.52, 60.78 Cp; 73.55 NCH2N; 56.8 PCH2N. 
H2OS25°C = 17.0 g/L. HRMS (ESI-TOF, 
CH3OH) m/z: [M + H]
+ 
Calcd for C21H32Cl1N6P2Ru1 567.0896; Found 567.0902. Minor 
peaks observed in NMR spectra are due to the hydrolysis of IndRu(PTA)2Cl in the 
presence of water, producing [IndRu(PTA)2(H2O)]
+
. 
Synthesis of [IndRu(PTA)3]Cl 
 A mixture of IndRu(PPh3)2Cl (300 mg, 0.39 mmol) and PTA (153 mg, 0.97 
mmol) was refluxed under nitrogen in 40 mL of toluene. The solution changed color from 
ruby red to orange then yellow. After 14 hours, the yellow solution was cooled down to 
room temperature and the solvent was removed under vacuum. The resulting solid was 





of yellow [IndRu(PTA)3]Cl powder in 69% yield. (
H2OS25°C = 17.0 g/L) 
1
H NMR (500 
MHz, D2O)   7.84 (dd, 
3
J(HH) = 6.0, 3.2 Hz, 2H, Cp(CH)4); 7.48 (m, 2H, Cp(CH)4); 5.67 
(d, 
3
J(HH) = 2.8 Hz, 2H, Cp); 5.34 (br. singlet, 1H, Cp); 4.62, 4.56 (AB spin system, 
2




H}  (126 MHz, D2O):  





(162MHz, D2O):  28.2 ppm (s). 
Synthesis of DpRu(PTA)2D (3D) 
 DpRu(PTA)2H (52 mg, 0.10 mmol) was dissolved in D2O and stirred for 24 hr 
under nitrogen. The resultant solution was pulled dry under vacuum to afford white 




H} NMR (162 MHz, D2O): δ 15.5 ppm (t, 
2
JPD = 
5.02 Hz). IR (KBr): ν(Ru-D) 1479 (br) cm
1
. 
2.4.3 Preparation of Phosphate Buffer 
 Phosphate buffers of desired pH were prepared using 0.1 M solutions of 
NaH2PO4, Na2HPO4, Na3PO4, and HCl/HBF4 in the following percent volume ratios: pH 
2.1 (95 HCl:5 NaH2PO4); pH 6.5 (70 NaH2PO4:30 Na2HPO4); pH 9.8 (50 Na2HPO4:50 
Na3PO4). The pH of each buffer was verified by measurement with a Fisher Accumet 
AR50 pH meter. 
2.4.4 pH effect on DpRu(PTA)2H 
 In separate NMR tubes, 15 mg of DpRu(PTA)2H was dissolved in 0.6 mL of the 
phosphate buffer (pH 2.1 – 9.8). 
31
P NMR spectra of the samples were obtained at room 







2.4.5 Kinetic Measurements 
 The rate of H/D exchange of IndRu(PTA)2H was determined by dissolving 5 mg 
(0.010 mmol) of IndRu(PTA)2H in 1.0 mL of D2O in an NMR tube. This NMR tube was 
then quickly placed into a temperature-equilibrated NMR spectrometer. The rates of H/D 
exchange were monitored by following the disappearance of Ru-H and the appearance of 
the Ru-D by 
31
P NMR. This procedure was repeated for a variety of temperatures (25, 30, 
35, 40, 45 °C) to obtain activation parameters. The isotope effect was determined in an 
analogous experiment except that IndRu(PTA)2D was dissolved in H2O and the reaction 
followed by 
31
P NMR spectroscopy. 
2.4.6 Computational Details 
 Density functional (DFT) calculations were performed on all complexes using 
Becke’s three-parameter hybrid functional
 
coupled to the correlation functional of Lee, 
Yang, and Parr (B3LYP) in the Gaussian program package employing the LANL2DZ 
basis set of Wadt and Hay. The calculated frequencies have been uniformly scaled using 
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Insertion Reactions of Heteroallenes (CS2 and CO2) and Bulkier Molecules 
(X=C=N-Ph where X = S, O) into the Ru-H bond of CpRu(PTA)(PR3)H (where Cp 
= Cp, Dp, Cp*, Ind, Tp; PR3 = PTA or PPh3) Complexes 
3.1 Introduction 
The use of carbon dioxide as feedstock for the generation of useful organic 
compounds has positive impacts to the environment. Aside from being inexpensive and 
abundant, it is a way to manage this greenhouse gas. Insertion of CO2 into metal-carbon 
or metal-hydrogen bonds is an important step in functionalizing this molecule and has 
been of interest primarily due to its potential as source of C1 chemistry,
1-3
 and possible 
relevance to catalysis of the water gas shift reaction.
4-7
 
CO2 insertion into metal-hydride bonds is involved as the key step in many 
reactions of transition-metal complexes. One of the interesting fields of research involves 









However, CO2 is shown 
to be a poor ligand for insertion, coordination, and addition to transition metal centers.
23
 
There is then a need for the development of methods for the synthesis and isolation of 
carbon dioxide-metal complexes. On the other hand, the structurally related carbon 
disulfide has been reported to be more reactive with transition metal centers.
2
 Jagirdar 
and coworkers, for instance, reported that CO2 insertion into a Ru-H bond of cis/trans-
[(dppm)2Ru(H)2] (dppm = Ph2PCH2PPh2) to give the hydride formate derivative trans-










 The insertion products of CS2, aside from being synthetically 
useful, may also be regarded as model compounds for CO2 activation. 
There are two proposed mechanisms for the insertion of heteroallenes (X=C=X 
where X = O, S) into metal-hydride bonds to form dithioformato (X = S) or formato (X = 
O) complexes. One mechanism involves a four-centered intermediate which does not 
require an open coordination site for the insertion to occur, Scheme 3.1.
25
 This 
mechanism proceeds through a H---CX2 interaction, which leads to cleavage of the M-H 
bond with concomitant formation of a metal-bound thioformate (X=S) or formate (X=O) 
ligand.
25b
 However for some metal hydrides, a mechanism involving direct coordination 
of the heteroallene to the metal center prior to insertion is proposed.
26,27
 In these cases the 
presence of an open coordination site favors the insertion reaction, Scheme 3.2. To 
determine which of these two insertion mechanisms happen for a certain metal-hydride 
complex, kinetic investigation is thus needed.  
 
Scheme 3.1 Mechanism involving a four-centered intermediate where no prior 





































































 Despite the number of studies reported on the insertion of CS2 into metal-hydride 
bonds, very few dealt with the properties, such as the electronic and steric factors, of 









Our group has been interested in the synthesis and reactivity of the half-sandwich 









); or Tp ([HB(C3N2H3)3]

) and where PR3 = PTA 
(1,3,5-triaza-7-phosphaadamantane) or PPh3. Herein, we present the syntheses of 
CpRu(PTA)(PR3)(SC(=S)H) (Scheme 3.3) as well as the full characterization and some 
preliminary kinetic data of their formation. Preliminary findings on the reactivity of 
CpRu(PTA)(PR3)H with CO2 are also included. Moreover, insertion reactions of bulkier 
molecules such as phenyl isothiocyanate (S=C=N-Ph) and phenyl isocyanate (O=C=N-
Ph) are discussed. 
3.2 Results and Discussion 
3.2.1 Synthesis and Characterization of CpRu(PTA)(PPh3)H Complexes 
The air-sensitive mixed phosphine and bis-PTA ruthenium hydrides, 
CpRu(PTA)(PPh3)H (Cp = Cp, Dp, Ind, Tp, Cp*) and CpRu(PTA)2H (Cp = Cp, Dp 





chloride complexes, CpRu(PTA)(PR3)Cl, with sodium formate in refluxing methanol. 
The reactions presumably occur through a Ru-OC(O)H intermediate, which undergoes β-
hydride elimination (or decarboxylation) yielding the Ru-H complexes and CO2, (Scheme 
3.4).
28
 The synthetic procedure for most of the hydrides are reported in the literature
28-30
 
except for Cp*Ru(PTA)(PPh3)H (5) and IndRu(PTA)2H (1) complexes. Modified 
synthetic procedures for TpRu(PTA)(PPh3)H (4) and DpRu(PTA)(PPh3)H (7) are also 
included here.  
 
 
Scheme 3.4. Synthetic route to CpRu(PTA)(PR3)H. 
 
DpRu(PTA)(PPh3)Cl and sodium formate were dissolved in methanol and 
refluxed under nitrogen for 5 hours. DpRu(PTA)(PPh3)H (7) was obtained pure as a pale 
yellow powder in 95% yield. Removal of sodium chloride side-product, excess sodium 
formate and possible formation of DpRu(PTA)2H was accomplished by washing three 
times with 2 mL degassed distilled water. Similarly, TpRu(PTA)(PPh3)H (4) and 
Cp*Ru(PTA)(PPh3)H (5) were obtained by reaction of their corresponding 


































resulting clear colorless solutions of 4 and 5 were dried and the white solids were 








H, and IR ν(Ru-H) stretching frequency data for CpRu(PTA)(PR3)H 





















25.2 (dd, PTA) 




14.2 (dd) 1929 
Cp*Ru(PTA)(PPh3)H 
(5) 
27.2 (dd, PTA) 








25.9 (dd, PTA) 








22.1 (dd, PTA) 









20.3 (dd, PTA) 





























solid state as KBr pellet 
 
 
The mixed-phosphine ruthenium hydrides are soluble in common organic solvents 
such as methanol, acetone, acetonitrile, toluene, and tetrahydrofuran. Chlorinated 
solvents, such as CCl4 and CHCl3, convert the hydride complexes back to their 





atmosphere. In addition, all the CpRu(PTA)(PPh3)H complexes are barely soluble in 
water (S25°C ca. 1.0 g/L); and insoluble in hexanes and diethyl ether.  





NMR, and IR spectroscopy, Table 3.1. The 
1
H NMR spectra of the mixed phosphine 
complexes all showed high-field hydride resonances that appeared as doublets of 
doublets: 14.6 ppm (
2
JPTA-H = 31.4 Hz and 
2
JPPh3-H = 25.8 Hz) for TpRu(PTA)(PPh3)H in 
d6-DMSO (Figure 3.1 and 3.2); 13.1 ppm (
2
JPTA-H = 37.8 Hz and 
2
JPPh3-H = 31.8 Hz) for 




P NMR spectra for 




Figure 3.1. The 
1








Figure 3.2. Expanded 
1
H NMR spectrum for TpRu(PTA)(PPh3)H (4) in d6-DMSO (inset 













P NMR spectra of the series of CpRu(PTA)(PPh3)H complexes each 
consist of two doublets of doublets due to coupling of the inequivalent phosphorus nuclei 
and coupling of phosphorus to hydride. The PTA and PPh3 ligands have the same 
sensitivity to the metal environment as evidenced by the range of 
31
P chemical shifts for 
PTA ppm ~7 (20.3  27.2) and PPh3 ppm ~6 (66.8  73.0). 
31
P NMR spectra of the 
mixed phosphine complexes 4 and 5 are shown in Figures 3.4 and 3.5, respectively (the 
spectra of 6, 7, and 8 are available in the Appendix). The dd resonance for 4 in d8-toluene 
appears at 70.1 ppm (
2
JPP = 35.2 Hz, 
2
JPPh3-H = 25.8 Hz) and 25.2 ppm (
2
JPP = 35.2 Hz, 
2
JPTA-H = 31.4 Hz) which are assigned to PPh3 and PTA, respectively. The 
31
P resonances 
for 5 were observed at 73.0 ppm (PPh3 with 
2
JPP = 34.2 Hz, 
2
JPPh3-H = 31.8 Hz) and 27.2 
ppm (PTA with 
2
JPP = 34.2 Hz, 
2
JPTA-H = 37.8 Hz). The high resolution mass spectra, in 
ESI+ mode, were acquired using methanolic solutions of 4 and 5. The ESI-TOF high 
resolution mass spectrum of 4 can be found in Figure 3.6. C33H37B1N9P2Ru1 labeled [M  
H]
+
 is observed at 734.1972 m/z where a proton has dissociated from 4. The calculated 
isotopic distribution pattern for [M  H]
+
 match the experimental spectrum and an 
enlarged area at m/z = 734 is shown in Figure 3.6. The ESI-TOF high resolution mass 
spectrum of 5 showed the highest peak intensity at m/z 656.1871 for C34H42N3P2Ru1 [M – 
H]
+
, Figure 3.7; consistent with the calculated m/z of 656.1897. 
 Of the three bis-PTA ruthenium-hydride CpRu(PTA)2H complexes (where Cp = 
Cp, Dp, Ind), only IndRu(PTA)2H was not obtained directly from its chloride counterpart, 
of which the synthesis is discussed in Chapter 2 (all spectroscopic and crystallographic 








P NMR spectrum of TpRu(PTA)(PPh3)H (4) in d8-toluene (inset shows 





P NMR spectrum of Cp*Ru(PTA)(PPh3)H (5) in d8-toluene (inset shows 










Figure 3.7. Electrospray HRMS (CH3OH) for Cp*Ru(PTA)(PPh3)H (5). m/z: [M  H]
+
 
Calcd for C34H42N3P2Ru1 656.1897; Found 656.1871. 
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 The hydride complexes were also characterized by IR spectroscopy. The IR 
spectra show medium intensity Ru-H stretching band at 1929 cm
1
 for 4; 1903 cm
1
 for 5; 
and 1984 cm
1
 for 1. The observed (Ru-H) for CpRu(PTA)(PR3)H (PR3 = PTA, PPh3) 
complexes seem to be influenced by electronic and steric factors. Previous 
electrochemical studies for CpRu(PTA)(PPh3)Cl (Cp = Dp, Ind, Cp, Tp) complexes 
showed that the electron donating ability of the Cp ligand is in the order of Dp > Ind > 
Cp > Tp.
31





ability of Cp ancillary ligands is in the order of Cp* > Ind >Cp for [LRu(dppf)Cl] 
complexes (L= Ind, Cp, Cp*).
32
 The effect of electron donating ability of the Cp on 
(Ru-H) can be seen for most of the CpRu(PTA)(PPh3)H complexes in Table 3.1. For 
instance, Dp is a better electron donor than Cp so DpRu(PTA)(PPh3)H exhibits a lower 
(Ru-H) of 1892 cm1 than that of CpRu(PTA)(PPh3)H, 1913 cm
1 
((Ru-H) = 21 
cm
1
). However, the sterics of the phosphine ligand show a stronger effect on (Ru-H). 
PTA is a small basic phosphine with a cone angle of 103°,
33
 while PPh3 has a cone angle 
of 145°.
34
 PTA is slightly more electron donating than PPh3, determined on the basis of 
the electronic parameter derived from the (CO) A1 band of Ni(CO)3(PR3) and 
RhCl(CO)(PR3)2.
33 
PTA has (CO) A1 band of Ni(CO)3(PTA) at 2071 cm
1
 and 
RhCl(CO)(PTA)2 at 1963 cm
1
; while PPh3 has (CO) A1 band of Ni(CO)3(PPh3) at 
2068.9 cm
1




 The IR data suggest a decrease in 
(Ru-H) for more sterically demanding phosphines such as triphenylphosphine. As 
examples, mixed phosphine hydrides exhibit lower (Ru-H) than the bis-PTA hydrides: 
1913 cm
1(Ru-H) for CpRu(PTA)(PPh3)H < 1927 cm
1
 (Ru-H) for CpRu(PTA)2H, and 
1977 cm
1 (Ru-H) for IndRu(PTA)(PPh3)H < 1984 cm
1 (Ru-H) for IndRu(PTA)2H 
(Table 3.1). The IR data suggest that electron donating ability and the steric requirements 
of both the Cp and phosphine ligands play significant role in the (Ru-H) of 







3.2.2 Synthesis and Characterization of CpRu(PTA)(PR3)(SC(=S)H ) Complexes 
Treatment of the CpRu(PTA)(PR3)H, where PR3 = PTA or PPh3, with excess CS2 
in toluene or tetrahydrofuran (Scheme 3.3) afforded air-stable, yellow orange to red 
complexes CpRu(PTA)(PR3)(SC(=S)H) in good to excellent yields (62 – 95%). The 
dithioformate complexes are soluble in methanol, acetone, acetonitrile, toluene, 
tetrahydrofuran, and chlorinated solvents like chloroform and dichloromethane. 
However, they are insoluble in water, diethyl ether and hexanes. The 







spectroscopy, Table 3.2. The insertion of CS2 into the Ru-H bond of CpRu(PTA)(PPh3)H 
was followed by 
1
H NMR spectroscopy, examples are in Figures 3.8 and 3.9. All arrayed 
spectra for CS2 insertion into CpRu(PTA)(PPh3)H can be found in the Appendix. In the 
1
H NMR spectrum given in Figure 3.8, the δ 12.8 ppm resonance corresponding to the 
hydride ligand of IndRu(PTA)(PPh3)H (6) disappears, and a new resonance at δ 11.8 ppm 
grows in. The chemical shift of this new resonance is consistent with the formation of a 
dithioformate complex, IndRu(PTA)(PPh3)(SC(=S)H) (10), formed by insertion of CS2 
into the Ru-H bond of complex 6 (Scheme 3.3). The dithioformate proton of 10 appears 
as apparent triplet due to its four-atom coupling with the two inequivalent phosphorus 
nuclei (
4
JHP = 2.2 Hz). The 
1
H NMR resonance observed for dithioformate proton of 10 
conforms with previously reported chemical shifts for such protons, which range from 9.5 
to 14 ppm.
36 
Furthermore, there is no exchange of dithioformate proton with D2O.
36
 
Similarly, Figure 3.9 for Cp*Ru(PTA)(PPh3)H (5) and CS2 reaction showed the 





new resonance at δ 12.1 ppm grows in. The dithioformate proton of 
Cp*Ru(PTA)(PPh3)(SC(=S)H) (11) shows a more distinct doublet of doublet due to the 
long distance coupling of dithioformate proton to the inequivalent PTA and PPh3 nuclei, 
4
JH-PTA = 2.2 Hz and 
4
JH-PPh3 = 1.6 Hz. The assigned 
1
H NMR spectra of 10, 11, 
DpRu(PTA)(PPh3)(SC(=S)H) (12), CpRu(PTA)(PPh3)(SC(=S)H) (13), and 
TpRu(PTA)(PPh3)(SC(=S)H) (14) are included in the Appendix. 













H NMR arrayed spectra in d8-toluene for CS2 insertion into the Ru-H bond 
of IndRu(PTA)(PPh3)H (taken every 3 minutes). Right array of spectra show 
the disappearance of the hydride peak in the high-field region while the left 



































H NMR spectrum of DpRu(PTA)2(SC(=S)H) in CDCl3; solvent (S), 
residual H2O (*). 
 
The formation of the bis-PTA CpRu(PTA)2(SC(=S)H) (Cp = Dp, Ind, Cp) 
complexes are too fast (t1/2 ≤ 35 s) to be followed by 
1
H NMR spectroscopy.  The 
1
H 
NMR spectrum of DpRu(PTA)2(SC(=S)H) (15) in CDCl3, Figure 3.10, reveals a low-
field triplet resonance at δ 11.7 ppm Ru-SC(S)H,  
4
JHP = 2.2 Hz. On the other hand, the 
1
H NMR spectra of CpRu(PTA)2(SC(=S)H) (16) and IndRu(PTA)2(SC(=S)H) (17) both 
show a broad low-field resonance at δ 11.6 ppm for Ru-SC(S)H. The rest of the 
1
H 
spectra contain signals corresponding to the Cp protons and the NCH2N and PCH2N 
protons of PTA (see Appendix for all the assigned 
1
H NMR spectra for the series of 
CpRu(PTA)(PR3)(SC(S)H) complexes, PR3 = PPh3 or PTA).  




C, IR spectroscopy and 
HRMS-ESI+ mass spectrometry. The 
31





CpRu(PTA)(PPh3)(SC(=S)H) complexes each consist of two doublets due to coupling of 
the inequivalent phosphorus nuclei: 
2
JPP = 32.0 Hz, 10; 
2
JPP = 36.7 Hz, 11; 
2
JPP = 37.6 Hz, 
12; 
2
JPP = 36.7 Hz, 13; 
2
JPP = 32.9 Hz, 14; Table 3.2. The PTA ligand is more sensitive to 
the metal environment than PPh3 as evidenced by the range of 
31
P chemical shifts for 
PTA ppm ~ 21 (21.2 to 42.0 ppm) versus PPh3 ppm ~ 7 (47.5 to 54.9 ppm). This is 
probably due to π acceptor of nature of PTA. 
31
P NMR spectra of the mixed phosphine 
CpRu(PTA)(PPh3)(SC(S)H) complexes 10, 11, 12, 13, and 14 are shown in Figures 3.11, 
3.12, 3.13, 3.14, and 3.15, respectively. The 
31
P NMR spectra of the bis-PTA 
CpRu(PTA)2(SC(=S)H) complexes show singlet resonance for PTA: 26.4 ppm, 15; 






























Table 3.2. The insertion of CS2 into the Ru-H bond of CpRu(PTA)(PR3)H as confirmed 













            






































































































JHP = 2.0 
DpRu(PTA)2(SC(S)H) 
(15) 








236.9 23.6 (s)a --- 11.60  
IndRu(PTA)2(SC(S)H) 
(17) 
230.0 26.0 (s)b --- 11.62  
a














H} NMR spectrum of IndRu(PTA)(PPh3)(SC(S)H) in d8-toluene (inset 







H} NMR spectrum of Cp*Ru(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 










H} NMR spectrum of DpRu(PTA)(PPh3)(SC(S)H) in d8-toluene (inset 






H} NMR spectrum of CpRu(PTA)(PPh3)(SC(S)H) in d8-toluene (inset 











H} NMR spectrum of TpRu(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 
shows expanded portion of the spectrum). 
 
 The dithioformate carbon resonance of CpRu(PTA)(PPh3)(SC(=S)H) complexes 
show the 
13
C shifted to higher frequency (δ ~230  245 ppm) relative to free CS2 at about 
193 ppm,
1




H} spectra of 
complexes 13 and 14 show apparent triplet resonance arising from coupling of the 
dithioformate carbon to two different phosphorus nuclei (PTA and PPh3), 
3
JCP of ca. 11.3 











H} NMR spectrum of CpRu(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 






H} NMR spectrum of TpRu(PTA)(PPh3)(SC(S)H) in CDCl3 (inset 





Table 3.3. IR stretching frequency data for solid CpRu(PTA)(PR3)(SC(S)H), where PR3 
= PTA, PPh3. 
Complex IR frequencies (cm
1
) 









Cp*Ru(PTA)(PPh3)(SC(S)H) (11) 1003 831  
DpRu(PTA)(PPh3)(SC(S)H) (12) 997 831  
CpRu(PTA)(PPh3)(SC(S)H) (13) 1002   
TpRu(PTA)(PPh3)(SC(S)H) (14) 1076 920  
DpRu(PTA)2(SC(S)H) (15) 997   
IndRu(PTA)2(SC(S)H) (16) 1004 718  
CpRu(PTA)2(SC(S)H) (17) 999, 1074  1186 
 
The IR absorption bands for the dithioformato complexes are identified by 
stacking them with their corresponding hydride complexes and looking for appearance of 
new bands (examples are shown in Figures 3.18 and 3.19; stacked IR spectra for all other 
complexes are given in Appendix). Dithioformato complexes exhibit characteristic 
intensity absorptions in their IR spectra at 1200-1240, 950-1100 and 740-930 cm
1
, 
which are attributed to ν(HCS), asymmetric νas(CS2) and symmetric νs(CS2), respectively, 
of the inserted dithioformate.
1,36
 ν(HCS) and symmetric νs(CS2) are weak in intensity and 
only observed for some complexes.
1
 CpRu(PTA)(PR3)(SC(S)H) complexes reveal 
νas(CS2) absorption band at 1007 cm
-1
 for 10; 1003 cm
-1
 for 11; 997 cm
-1
 for 12; 1002 cm
-
1
 for 13; 1076 cm
-1
 for 14; 997 cm
-1
 for 15; 1004 cm
-1
 for 16; 999 and 1074 cm
-1
 for 17. 
These νas(CS2) values are close to similar CpRu-dithioformato complexes reported in the 
literature.
1,9,13,36,38
 The IR absorption bands at Table 3.3 are consistent with monodentate 
mode of binding for dithioformate ligand. The bands attributable to ν(HCS) of the S2CH 
ligand are present at 1242 cm
1













Figure 3.19. IR spectra of CpRu(PTA)2H (blue) and CpRu(PTA)2(SC(S)H) (red). 
750 850 950 1050 1150 1250 1350 1450 1550 1650 
ν(C=S) 
ν(HCS) 








The solid-state structures of CpRu(PTA)2(SC(=S)H) (16)  and 
TpRu(PTA)(PPh3)(SC(=S)H) (14) were determined by X-ray crystallography. Charles 
Mebi of our group obtained orange crystals of 16 suitable for X-ray diffraction by slow 
evaporation of a dichloromethane solution of CpRu(PTA)2(SC(=S)H).
29
 The thermal 
ellipsoid view of CpRu(PTA)2(SC(=S)H) is presented in Figure 3.20 along with atomic 
numbering scheme. Selected bond lengths and bond angles are contained in Table 3.4. 
The Ru-P bond lengths of 16 are 2.253 and 2.271 Å close to those of CpRu(PTA)2H (9) 
(2.222 Å) and other thioformato complexes.
1,9,13,38
 The P-Ru-P bond angle of 16 is 
94.126(13)°, which is slightly smaller than those of complex 9 (95.68(2)°) and 
CpRu(PTA)2Cl (95.39(4)°). The Cp-ML2 of 16 (54.4°) is ca. 13° smaller than that of 9 
(67.8°). The most interesting feature of CpRu(PTA)2(SC(=S)H) is the C-S lengths which 
are nearly the same, 1.6908(16) and 1.6531(16) Å. These distances are smaller than those 
recorded for single C-S bonds (~1.8 Å) and intermediate between C-S single and double 
bonds suggesting delocalization of electron density over the SC(S)H moiety, Figure 3.21. 





















 complexes also have C-S bond lengths intermediate between single and double 
bond. However, the [(DPPM)2Ru(η
2
-S2CH2)] complex was found to have C-S single 
bond lengths values, 1.812(5) and 1.824(5) Å.
24 
The SCS bond angle of 130.97(9)° is 





structure of 16 confirms that the dithiolate fragment  is bound in an η
1








Figure 3.20. Thermal ellipsoid representation of CpRu(PTA)2(SC(S)H) (50% 
probability) including the atomic numbering scheme. Hydrogen atoms, 
except the dithioformato hydrogen, have been omitted for clarity. 
 
 


















Figure 3.21. Possible electron delocalization over the SC(S)H moiety. 
 
 






Orange rods of TpRu(PTA)(PPh3)(SC(=S)H) were obtained by slow evaporation 
of methanol solution of 14 inside the freezer. Thermal ellipsoid representation of 14 is 
depicted in Figure 3.22, along with the atomic numbering schemes. Selected bond lengths 
and bond angles are contained in Table 3.5. Both CpRu(PTA)2(SC(=S)H) and 
TpRu(PTA)(PPh3)(SC(=S)H) exhibit classic three-legged piano-stool geometry with two 
phosphine ligands, a dithioformato ligand, and a Cp (where Cp = Cp, Tp) capping 
ligand occupying the six coordination sites around the ruthenium atom. Similar with 16, 
the C-S lengths of 14 are nearly the same (1.683(5) Å and 1.663(5) Å) and are 
intermediate between C-S single and double bonds. This observation suggests that 
delocalization of electron density over the SC(S)H moiety also occurs for complex 14 
and for other similar mixed-phosphine Cp-dithioformato complexes.  
The Ru-PTA (2.3020 Å) is found to be shorter than that of Ru-PPh3 (2.3172 Å), 
which might be due to PTA being a stronger binding phosphine than PPh3. The binding 
mode of dithioformate ligand is shown to be η
1
 for complex 14, similar with complex 16. 
Furthermore, the Ru-S distances of complexes 14 and 16 are comparable with each other 
(2.3559Å for 14; 2.3552 Å for 16). 
Hydrotris(pyrazol-1-yl)borate ruthenium (TpRu) complexes containing dithio 
ligands are barely known.
43
 Reaction of CS2 with TpRu(PPh3)2Cl was reported to 




 but there is no prior investigation 
of CS2 insertion into the Ru-H bond of any TpRu complexes. Complex 14 is the first 
spectroscopically and structurally characterized η
1







Figure 3.22. Thermal ellipsoid representation of TpRu(PTA)(PPh3)(SC(S)H) (50% 
probability) including the atomic numbering scheme. Hydrogen atoms, 
except the hydrotris(pyrazol-1-yl)borate (Tp) and dithioformato 






























3.2.3 Kinetics of CpRu(PTA)(PR3)(SC(=S)H )Formation 
The synthesis of a series of CpRu(PTA)(PR3)H complexes allowed us to carry 
out a more complete study of CS2 insertion in order 
to determine whether steric or electronic factors 
predominate in influencing insertion rates. 
An immediate color change from colorless 
CpRu(PTA)2H (Cp = Cp, Dp) solution to yellow-orange solution was observed for bis-
PTA hydride complexes upon addition of excess CS2. Similarly, pale yellow solution of 
IndRu(PTA)2H turned red right after excess CS2 was added. First from the array of 
1
H 
NMR acquisitions revealed the presence of low-field triplet resonance for dithioformate 
proton in exchange for the high-field triplet resonance of the hydride. The CS2 insertion 
into the Ru-H bond of CpRu(PTA)2H (Cp = Cp, Dp, Ind) are too fast to be followed by 
NMR spectroscopy, t1/2 ~ 16 s for DpRu(PTA)2(SC(=S)H) (15); t1/2 = 35 s for 
IndRu(PTA)2(SC(=S)H) (16) and CpRu(PTA)2(SC(=S)H) (17) formation (Table 3.6).  
Preliminary results indicate a slower CS2 insertion for the mixed-phosphine 
complexes CpRu(PTA)(PPh3)H (Table 3.6) compared to the bis-PTA complexes 
CpRu(PTA)2H. Since PTA binds stronger to the ruthenium center compared to PPh3 
(which is known to dissociate somewhat easily from the metal center), this observation 
suggests that the mechanism for the CS2 insertion into Ru-H bond involves a four-
centered intermediate (Figure 3.23) or the direct attack of the hydride ligand at the CS2 





Electron donating ability of the phosphine and capping ligand seems to affect the 
rate of CS2 insertion into the Ru-H bond of CpRu(PTA)(PR3)H complexes. PTA is 
slightly more electron donating than PPh3 and the bis-PTA CpRu(PTA)2H complexes 
exhibited faster kinetics (t1/2 ~ 16-35 s) compared with the mixed phosphine 
CpRu(PTA)(PPh3)H complexes (t1/2 ~ 164-2406 s). In addition, among the bis-PTA 
hydride complexes, DpRu(PTA)2H which contains the most electron donating capping 
ligand displays the fastest rate of CS2 insertion. Similar observation among the mixed 
phosphine hydride complexes was also observed, that is the most electron donating 
Cp*Ru(PTA)(PPh3)(SC(=S)H)  exhibit the fastest rate of formation. The rate of CS2 
insertion observed for CpRu(PTA)(PPh3)H is in the order of Cp* > Tp > Dp > Cp> Ind, 
Table 3.6. Aside from TpRu(PTA)(PPh3)(SC(=S)H) (14) and IndRu(PTA)(PPh3)-
(SC(=S)H) (16) complexes, the trend suggests faster CS2 insertion for more electron 
donating Cp. Kinetic data indicate direct correlation between the electron donating 
ability of the ligand (both phosphine and Cp capping ligand) and the rate of CS2 insertion 
reaction, Figure 3.24. These results support the theory that an acid-base interaction of the 
anionic hydride at the electrophilic carbon center of CS2 occur prior to the formation of a 
















Table 3.6. Kinetics of CS2 insertion into CpRu(PTA)(PPh3)H complexes at 35 °C. 
Complex
a




Half-life, t1/2 (s) 
IndRu(PTA)(PPh3)(SC(S)H) (10) 2.89 x 10
4
 2406 
Cp*Ru(PTA)(PPh3)(SC(S)H) (11) 4.22 x 10
3
 164 
DpRu(PTA)(PPh3)(SC(S)H) (12) 2.30 x 10
3
 301 
CpRu(PTA)(PPh3)(SC(S)H) (13) 1.99 x 10
3
 348 
TpRu(PTA)(PPh3)(SC(S)H) (14) 2.77 x 10
3
 250 
DpRu(PTA)2(SC(S)H) (15) 4.33 x 10
2
 16 
IndRu(PTA)2(SC(S)H) (16) 1.98 x 10
2
 35 




In d8-toluene using 0.010M of CpRu(PTA)(PPh3)H and 0.324M of CS2 at 35 °C. Rate 




Figure 3.24. Kinetic plot of CS2 insertion into the Ru-H bond of CpRu(PTA)(PPh3)H. In 





























 IndRu(PTA)2(SC(S)H) (16) revealed the slowest rate of CS2 insertion among the 
CpRu(PTA)(PPh3)H. This might be attributed to the steric bulkiness of the indenyl 
ligand and the stronger Ru-H bond as evidenced in the IR (highest (Ru-H) for 
IndRu(PTA)(PPh3)H in the series). Two linear regions of different slopes for complex 16 
were observed. A decrease in the rate of CS2 insertion starting at t = 1980 s may be due to 
decomposition of the IndRu(PTA)(PPh3)H. This is consistent with the determined half-
life of 2406 s for 16.  
 The relatively fast rate of CS2 insertion observed for TpRu(PTA)(PPh3)H can be 
due to the ability of Tp to provide an open site much more easily than Cp. Tp is often 
compared with Cp owing to the same charge and number of electrons donated, but the 
size, electronic properties and bonding nature of Tp and Cp are different. It should be 
pointed out that the dithioformate proton of TpRu(PTA)(PPh3)(SC(S)H) (14) appears at 
10.05 ppm in the 
1
H NMR spectrum, the most upfield among the 
CpRu(PTA)(PPh3)(SC(S)H) complexes, suggesting the highest amount of shielding 
experienced by the dithioformate proton of complex 14. 
3.2.4 Double CS2 insertion into the Ru-H bond of cis-Ru(PTA)4(H)2 (18) 
 CS2 insertion has been attempted in an NMR tube, under biphasic conditions, with 
aqueous solution of cis-Ru(PTA)4(H)2. An indication of reaction was noticeable after a 
week when the colorless volatile CS2 remained in the lower layer and the clear colorless 
aqueous solution of cis-Ru(PTA)4(H)2 to turn reddish orange in color. The cis-
Ru(PTA)4(H)2 complex is soluble only in water and is insoluble in common organic 





chloroform and dichloromethane. The solubility properties of cis-Ru(PTA)4(H)2 impose a 
challenge in reacting it with the nonpolar CS2. To get around this solubility issue, a 
miscible two-solvent system of water and THF was used. Excess CS2 (0.10 mL, 1.65 
mmol) was added to a suspension of cis-Ru(PTA)4(H)2 (0.01 mmol) in H2O/toluene (1:5 
mL) under a N2 atmosphere in a 10 mL Schlenk flask. Indication of CS2 insertion was 
observed after 4 hours when the mixture gradually changed color from milky white to 
yellow orange (Figure 3.25). The orange product separated as solid stuck at the bottom of 
the flask. Running the reaction longer caused the solid to turn to oily product. Solvent 
removal yielded red-orange oil in 74% yield. The cis-Ru(PTA)4(SC(S)H)2 complex (18) 
is found to be miscible in water, slightly miscible in tetrahydrofuran, and immiscible in 
toluene, chloroform, and diethyl ether.  Double insertion of CS2 into two cis-Ru-H bonds 




H} NMR spectrum due to the appearance of two triplet 








= 28.1 Hz) which are due to 
coupling of PTAs in cis position relative to SC(S)H to PTAs in trans  position relative to 
SC(S)H, and vice versa (Figure 3.26). The SC(S)H moiety shows up at δ 260.9 ppm in 
13
C NMR spectrum and at δ 8.5 ppm in 
1
H NMR spectrum both as weak broad singlet 
due to long range coupling with the phosphorus nuclei in 18.  
 
 



















































Figure 3.25A is white cis-Ru(PTA)4(H)2 solid suspended in D2O/THF while Figure 
3.25B is orange cis-Ru(PTA)4(SC(S)H)2 solid stuck at the bottom of the flask in 









H} NMR spectrum of  cis-Ru(PTA)4(SC(S)H)2 in D2O 

















3.2.5 Formation of CpRu(PTA)2(OC(=O)H ) where Cp = Cp and Dp 
 
 




 The insertion of CO2 into the Ru-H bond of CpRu(PTA)2H (Cp = Cp, Dp) has 
also been investigated, Scheme 3.6. An important step in the functionalization of small 
molecules such as carbon dioxide is their insertion into metal-hydride and metal-carbon 
bonds.
9-14,45
 Examples of CO2 insertion into group 8 metal-hydride and metal-carbon 




Scheme 3.7. Possible CO2 insertion modes. 
  
 CO2 insertion into M-H bond leads to formato complexes (Scheme 3.7A) or 
formic acid complexes (Scheme 3.7B). Most of the insertion reactions result in the 
formation of formato complexes.
1,4,48
























































with CO2 and analyzed by 
31
P NMR spectroscopy reveals two resonances at 11.6 ppm 
and 14.5 ppm assigned to complex 9 and CpRu(PTA)2(OC(O)H) (19), respectively. The 
hydride starting material 9 was the major species and the formato product 19 could not be 
isolated. Similarly, a THF solution of DpRu(PTA)2H (3) was saturated with CO2 and 




C NMR and ESI-MS 
(positive mode) spectra but not isolated. The 
1
H NMR spectra of 19 and 20 show the 
starting hydride and the corresponding Ru-OC(O)H proton, δ 8.35 ppm for 19 and δ 8.42 
ppm for 20. These chemical shifts for formate protons are comparable to the values of 
8.68 ppm for trans-Ru(dmpe)2(Me)(O2CH),
25b,49
 8.57 ppm for RuH(O2CH)(Cyttp) 
(where Cyttp = PhP(CH2CH2CH2PCy2)2),
50













  The previously reported 





C NMR spectrum of free CO2 exhibits absorption at δ 132 ppm.
1
 Upon 
coordination to metal, downfield shift were observed: Ru-OC(O)H for 
CpRu(PTA)2(OC(O)H shows up at 160.0 ppm while DpRu(PTA)2(OC(O)H) shows up at 
170.1 ppm. The high resolution mass spectra, in ESI+ mode and at the lowest voltage 
possible, were acquired using acetonitrile solutions of 19 and 20. The ESI-HR mass 
spectrum in Figure 3.27 showed the presence of formato product 19 mostly in [M + K]
+ 
and the starting hydride CpRu(PTA)2H in [M + H]
+
[-CO2], [M + Na]
+
 [-CO2], [M + K]
+
 
[-CO2] form. Similarly, the ESI-HR mass spectrum in Figure 3.28 showed the presence of 
formato product 20 in [M + H]
+
, [M + Na]
+
, [M + K]
+
 form and the starting hydride 
DpRu(PTA)2H in [M - H]
+









Figure 3.27. Top figure is expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(OC(O)H) in [M + K]
+ 
form. Bottom figure shows presence of 





Figure 3.28. High resolution ESI-MS (positive) spectrum of DpRu(PTA)2(OC(O)H) (20) 









 CpRu(PTA)2(OC(O)H) (where Cp = Cp, Dp) complexes were unstable, could 
not be isolated, and can be easily converted back into the corresponding starting hydrides 





bonds has been previously observed. It is 
also noteworthy to point out that reaction of Ru-Cl with sodium formate leads to 
formation of the Ru-H and not the metalloformate. 
 Insertion reactions of CO2 to CpRu(PTA)(PPh3)H were also attempted, however 
all NMR spectroscopic analyses showed only the starting hydrides. Among the mixed-
phosphine hydrides, only CpRu(PTA)(PPh3)(OC(O)H) (Figure 3.29) and 
TpRu(PTA)(PPh3)(OC(O)H) (Figure 3.30) in trace amounts were detected when ESI-MS 
was acquired. Hence, the insertion of CO2 into the Ru-H bond of CpRu(PTA)(PR3)H 
(where PR3= PTA, PPh3) is unfavorable or reversible with the reaction favoring the 
hydride starting material.  
 
 








Figure 3.30. ESI-MS (positive) spectrum of TpRu(PTA)(PPh3)(OC(O)H) in acetonitrile. 
 
 
3.2.6 Insertion of Phenyl Isothiocyanate and Phenyl Isocyanate into 
CpRu(PTA)(PPh3)H 
 The reaction of bulkier heteroallenes (X=C=Y in the following, where X= S or O; 
Y = NR) has also been studied because isothiocyanate and isocyanate are useful sources 
of other functionality such as carbon, nitrogen, and oxygen or sulfur in a single chemical 
step. Carbon dioxide is a poor ligand and introduction of an amido group (Y = NR) 
results in polarization of the double bonds and may cause an increase in reactivity.
53
 
Hence, isocyanates (O=C=NPh) and isothiocyanates (S=C=NPh) can be used to give 
insights on the chemical behavior of CO2.  
 Isothiocyanates or isocyanates typically insert into metal-hydride bonds resulting 
to a κ
2
 coordination (through both sulfur and nitrogen to form thioformamido
26b,54,55
 or 
through oxygen and nitrogen to give formamido
26a,54,56










binding of isothiocyanate through the sulfur atom to form thioformimidato ligand has 
been postulated in many cases,
54,60-61







have been limited reports of a κ
1






Scheme 3.8. Phenyl isothiocyanate (X= S) or isocyanate (X=O) insertion into the Ru-H 
bond of CpRu(PTA)(PR3)H. 
 
 Insertion of X=C=N-Ph (phenyl isothiocyanate (X=S) or phenyl isocyanate 
(X=O)) (Scheme 3.8) were carried out by addition of excess phenyl isothiocyanate or 
phenyl isocyanate (0.10 mmol) to benzene-d6 solution of the bis-PTA CpRu(PTA)2H 
(Cp = Cp, Dp, Ind) (0.01 mmol) and the mixed-phosphine CpRu(PTA)(PPh3)H (Cp = 
Cp, Dp, Ind, Cp*, Tp) (0.01 mmol) complexes. Colorless benzene-d6 solution of 
CpRu(PTA)2H (Cp = Cp, Dp) turned yellow after a couple of days, while pale yellow 
solution of IndRu(PTA)2H turned orange after 2.5 days. The mixed-phosphine 
CpRu(PTA)(PPh3)H solution in benzene-d6 showed indication of insertion reaction much 




































Table 3.7. The phenyl isothiocyanate (S=C=N-Ph) and CpRu(PTA)(PR3)H insertion 
products, as confirmed by NMR spectroscopy.  
Complex 
13
































































33.7 (d, PTA) 














18.2 (d, PTA) 
51.1 (d, PPh3) 
 





 34.9 (d, PTA) 

























Figure 3.31. Stacked 
1
H NMR spectra of CpRu(PTA)2(SC(NPh)H) (top) and 
CpRu(PTA)2H (bottom)  in C6D6.  
 






P NMR spectroscopy (Table 3.7) 
and HRMS-ESI+. In the 
1
H NMR spectrum given in Figure 3.31, the δ 13.7 ppm triplet 
resonance (
2
JPH = 36.5 Hz) corresponding to the hydride ligand of CpRu(PTA)2H (9) 
disappears, and a new triplet resonance at δ 8.78 ppm grows in. The chemical shift of this 
new resonance is consistent with the formation of a thioformimidato complex, 
CpRu(PTA)2(SC(=NPh)H) (21), formed by insertion of SCNPh into the Ru-H bond of 
complex 9. The thioformimidato proton of 21 appear as a triplet due to its four-atom 
coupling with two PTA (
4
JHP = 1.7 Hz). The chemical shifts reported for thioformamido 
and thioformimidato protons are in the range of 8.50 to 9.70 ppm.
56c,63 
Similarly, the 





DpRu(PTA)2(SC(=NPh)H) (23) (Figure 3.33) showed up at 8.53 ppm and 8.76 ppm, 
respectively, in the 
1















C NMR spectrum of CpRu(PTA)2(SC(=NPh)H) (21) exhibited a broad 
singlet at δ 172.3 ppm for the imido carbon. The 
13
C resonance for the imido carbon of 22 
and 23 were not detected, probably due to coupling of imido carbon with the phosphorus 
nuclei of the two PTAs (
3
JCP) and with the thioformimidato proton (
1
JCH). The observed 
13
C resonance for the imido carbon of complex 21 conforms to the previously reported 






H} spectra in C6D6 for complexes 21, 22, and 23 comprise a singlet resonance at 
23.0, 21.4, 25.4 ppm, respectively, for the two equivalent PTAs (spectra are given in 
the Appendix). All spectroscopic data suggest κ
1
 binding of phenyl isothiocyanate to the 
ruthenium center. 
Thioformimidato proton and imido carbon NMR resonances for the mixed-
phosphine complexes CpRu(PTA)(PPh3)(SC(=NPh)H) were observed after keeping the 
NMR tube of phenyl isothiocyanate and CpRu(PTA)(PPh3)H solution for one week or 
longer (Table 3.7). This is slower compared to two-day-reaction time exhibited by the 
bis-PTA complexes CpRu(PTA)2(SC(=NPh)H). Larger ligands tend to dissociate more 
readily, and PPh3 has a Tolman angle of 145° while PTA has θ = 103.
34
 Since the SCNPh 
insertion for the mixed-phosphine complexes (containing a more labile PPh3) was 
observed to be slower compared to the bis-PTA complexes, the mechanism which does 
not require an open coordination site (Scheme 3.1) seems to be the more plausible 






P spectra for 
CpRu(PTA)(PPh3)(SC(=NPh)H) can be found in the Appendix. 
High resolution electrospray mass spectrometry of complexes 21 to 28 are 





within 0.003 m/z unit of the “Calculated m/z” values of the parent-derived ions (Figures 
3.34 to 3.41) 
 
 
Figure 3.34 Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(SC(NPh)H)  (21) in acetonitrile solution. HRMS (ESI-TOF, CH3CN) m/z: 
[M + H]
+





Figure 3.35 Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2(SC(NPh)H) (22) in acetonitrile/methanol solution. HRMS (ESI-TOF, 
CH3CN/CH3OH) m/z: [M + H]
+








Figure 3.36 Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)2(SC(NPh)H) (23) in acetonitrile/methanol solution. HRMS (ESI-TOF, 
CH3CN/CH3OH) m/z: [M + H]
+




Figure 3.37 Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)(PPh3)(SC(NPh)H) (24) in acetonitrile solution. HRMS (ESI-TOF, CH3CN) 
m/z: [M + H]
+




Figure 3.38 Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)(PPh3)(SC(NPh)H) (25) in acetonitrile solution. HRMS (ESI-TOF, CH3CN) 
m/z: [M + H]
+






Figure 3.39 Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)(PPh3)(SC(NPh)H) (26) in acetonitrile solution. HRMS (ESI-TOF, CH3CN) 
m/z: [M + H]
+




Figure 3.40 Expanded high resolution ESI-MS (positive) spectrum of 
TpRu(PTA)(PPh3)(SC(NPh)H) (27) in acetonitrile solution. HRMS (ESI-TOF, CH3CN) 
m/z: [M + H]
+




Figure 3.41 Expanded high resolution ESI-MS (positive) spectrum of 
Cp*Ru(PTA)(PPh3)(SC(NPh)H) (28) in acetonitrile solution. HRMS (ESI-TOF, CH3CN) 
m/z: [M + H]
+





 Insertion of phenyl isocyanate (X=O)) was carried out by addition of excess 
phenyl isocyanate (11 μL, 0.10 mmol) to benzene-d6 solution of CpRu(PTA)(PR3)H (Cp 
= Cp, Dp, Ind, Cp*, Tp; PR3 = PTA, PPh3) (0.01 mmol) complexes. Greenish to blackish 
oily products remained in the NMR tube after days of reaction. CpRu(PTA)2(OC(NPh)H) 
(29) was the only complex that showed conclusive NMR spectral data. The formimidato 
proton of 29 appeared at δ 8.62 ppm as a broad singlet. This chemical shift for 
OC(NPh)H proton is comparable to the values of  8.13 ppm for trans-







H} NMR spectrum in C6D6 showed a singlet resonance at 
26.9 ppm. The high resolution ESI+ spectrum is shown in Figure 3.42. Protonated 
CpRu(PTA)2(OC(NPh)H), labeled [M + H]
+
, is observed at 602.1510 m/z while the 
calculated m/z value is 602.1500. The isotopic distribution pattern at 602 amu was 











Figure 3.42. Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(OC(NPh)H) in acetonitrile (top). Bottom figure shows computer generated 
spectrum of CpRu(PTA)2(OC(NPh)H). 
 
3.3 Concluding Remarks 
 Insertion of CS2 into the Ru-H bond of CpRu(PTA)(PR3)H (Cp = Cp, Tp, Dp, 
Ind, Cp*; PR3 = PTA, PPh3) was successfully accomplished to make a series of air-stable 










H}, ESI-MS, and single-crystal X-ray analysis. The solid state 
structure for the CpRu(PTA)2(SC(S)H) and TpRu(PTA)(PPh3)(SC(S)H) show that both 
bis-PTA and mixed-phosphine ruthenium hydride complexes insert CS2 in an η
1
-binding 





insertion of CS2 into the Ru-H bond of CpRu(PTA)(PR3)H. The bis-PTA 
CpRu(PTA)2(SC(S)H) complexes exhibit fast kinetics (t1/2 ~ 16-35 s) compared with the 
CpRu(PTA)(PPh3)(SC(S)H) (t1/2 ~ 164-2406 s), which can be attributed to the small size 
and slightly better electron donor ability of PTA over PPh3. The rate of CS2 insertion 
observed for CpRu(PTA)(PPh3)H is in the order of Cp* > Tp > Dp > Cp > Ind, a result 
of interplay of electronic and steric factors of the Cp capping ligand.  
 The insertion of the structurally similar CO2 was investigated and exhibited quite 
different reactivity. In contrast to CS2, the CO2 insertion into the Ru-H bond of 
CpRu(PTA)2H (Cp = Dp, Cp) to give the formate derivative CpRu(PTA)2(OC(O)H) 
was found to be unfavorable and occurs in a reversible fashion. In addition, almost no 
CO2 insertion products were detected for the mixed-phosphine CpRu(PTA)(PPh3)H 
complexes. 
 Bulkier phenyl isothiocyanate and phenyl isocyanate were also investigated for 
insertion into the Ru-H of CpRu(PTA)(PR3)H. The rate of X=C=N-Ph insertion was 
significantly slower compared with the insertion of smaller heteroallenes (CS2 and CO2); 
it takes at least a couple of days for first sign of reaction to be detected. Aside from the 
crowding effect of the phosphine and capping ligand of the CpRu(PTA)(PR3)H, it 









3.4 Experimental Section 
3.4.1 Materials and Methods  
 Unless otherwise noted all manipulations were performed on a double-manifold 
Schlenk vacuum line under an atmosphere of nitrogen or in a nitrogen-filled glovebox. 
Solvents were freshly distilled from standard drying reagents (Na/benzophenone for 
THF; Mg/I2 for methanol) or dried with activated molecular sieves and degassed with 
nitrogen, prior to use. Deionized water was deoxygenated prior to use. Reagents and 




























  were synthesized as reported in the literature. Kinetic 
investigations on the rates of CS2 insertion were carried out in J. Young NMR tubes and 




C NMR spectra were 
recorded on a Varian NMR System 500 spectrometer while 
31
P NMR spectra were 




C NMR spectra were referenced to residual solvent relative to tetramethylsilane (TMS). 
Phosphorus chemical shifts are relative to an external reference of 85% H3PO4 in D2O 
with positive values downfield of the reference. IR spectra were recorded on Perkin-
Elmer 2000 FT-IR spectrometer, in a 0.1-mm CaF2 cell for solutions or as a KBr pellet 
for solid samples. Electrospray ionization mass spectra (ESI-MS) were recorded on an 
Agilent GG230AA time-of-flight mass spectrometer with calibration performed on 





analysis (positive ion mode) and a Waters Micromass 20 ESI mass spectrometer (positive 
ion mode). X-ray crystallographic data were collected at 100(±1) K on a Bruker APEX 
CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å) and a detector-to-crystal 
distance of 4.94 cm. Data collection was optimized utilizing the APEX 2 software with 
0.5° rotation between frames. Data integration, correction for Lorentz and polarization 
effects, and final cell refinement were performed using SAINTPLUS and corrected for 
absorption using SADABS. The structures were solved by direct methods and refined 
using SHELXTL, version 6.10. All non-hydrogen atoms were refined anisotropically and 
hydrogen atoms placed in calculated positions.  
3.4.2 Syntheses 
3.4.2.1 Synthesis of CpRu(PTA)(PR3)H where PR3 = PTA or PPh3 
Synthesis of TpRu(PTA)(PPh3)H (4) 
 TpRu(PTA)(PPh3)Cl (16.3 mg, 0.02 mmol) and HCO2Na (1.4 mg, 0.02 mmol)  
were dissolved in 15mL of freshly distilled methanol and refluxed under nitrogen for 2 
hours. The resulting clear colorless solution was dried, and the white solid extracted with 
2 x 5 mL of freshly distilled THF. Removal of the THF under vacuum afforded 12.4 mg 
(84% yield) of white TpRu(PTA)(PPh3)H powder. 
1
H NMR (500 MHz, C6D6)  7.68 (d, 
J = 1.7 Hz, 1H, Tp); 7.63 (d, J = 2.3 Hz, 1H, Tp); 7.51 - 7.37 (m, 6H, PPh3); 7.30 (d, J = 
1.7 Hz, 1H, Tp); 7.25 (d, J = 2.3 Hz, 1H, Tp); 7.02 - 6.99 (dt, J = 2.4, 1.2 Hz, 2H, Tp); 
6.85 - 6.80 (m, 9H, PPh3); 6.63 (d, J = 1.8 Hz, 1H, Tp); 5.96 (t, J = 2.0 Hz, 1H, Tp); 5.77 
(t, J = 2.1 Hz, 1H, Tp); 5.29 (t, J = 2.1 Hz, 1H, Tp); 4.07, 3.85 (AB spin system, 
2
J(HAHB) 
= 13.1 Hz, 6H, NCH2N); 3.71, 3.49 (AB spin system, 
2











H}  (126 MHz, 





H} NMR (162MHz, C6D6):  71.8 (dd, 
2
JPP =35.2 Hz, 
2
J(PH) = 25.3 Hz, 
PPh3); 23.9 (dd,
 2
JPP =35.2 Hz, 
2
J(PH) = 30.9 Hz, PTA).  
Synthesis of Cp*Ru(PTA)(PPh3)H (5) 
Cp*Ru(PTA)(PPh3)Cl (10.0 mg, 0.02 mmol) and HCO2Na (1.4 mg, 0.02 mmol)  
were dissolved in 15 mL of freshly distilled methanol and refluxed under nitrogen for 3 
hours. The resulting clear colorless solution was dried, and the white solid extracted with 
2 x 5 mL of freshly distilled THF. Removal of the THF under vacuum afforded 10.3 mg 
(78% yield) of pale yellow Cp*Ru(PTA)(PPh3)H powder. 
1
H NMR (500 MHz, C6D6)  
7.60 – 7.52, 6.88 – 6.58 (m, 15H, PPh3); 3.97, 3.83 (AB spin system, 
2
J(HAHB) = 12.9, 12.1 
Hz, 6H, NCH2N); 3.22 (apparent quartet, 6H, PCH2N); 1.45 (s, 15H, (CH3)5); 13.08 (dd, 
2
J(PH) = 36.6 Hz (PTA), 31.7 Hz (PPh3), 1H, Ru-H). HRMS (ESI-TOF, CH3OH) m/z: [M 
 H]
+ 
Calcd for C34H42N3P2Ru1 656.1897; Found 656.1871. 
Synthesis of DpRu(PTA)(PPh3)H (7) 
(η
5
-C8H9)Ru(PTA)(PPh3)Cl (13.4 mg, 0.02 mmol) and HCO2Na (13.9 mg, 0.20 
mmol) were dissolved in 20 mL of freshly distilled methanol and refluxed under nitrogen 
for 5 h. The resulting pale yellow solution was pulled dried, and washed with distilled 
water (3 x 5 mL) affording 12.0 mg of pale yellow DpRu(PTA)(PPh3)H solid (95%). 
1
H 
NMR (500 MHz, C6D6)  7.77 (m, 6H, PPh3), 7.04 (m, 9H, PPh3); 4.74 (s, 1H, Cp), 4.51 
(s, 1H, Cp), 3.13 (s, 1H, Cp); 4.26, 4.11 (AB spin system, 
2
J(HAHB) = 12.7 Hz, 6H, 







Hz (PTA), 31.5 Hz (PPh3), Ru-H). 
13
C NMR (126 MHz, C6D6):  142.7, 134.3, 128.8 – 





H} NMR (162 MHz, C6D6):  74.0 (apparent triplet, 
2
J = 31.5 Hz, 
PPh3); 21.0 (apparent triplet, 
2
J = 32.6 Hz, PTA).  
3.4.2.2 Synthesis of CpRu(PTA)(PR3)(SC(=S)H) 
General Method for Preparation of CpRu(PTA)(PPh3)(SC(=S)H) 
To a Schlenk flask with Teflon cap and stir bar was added 0.10 mmol 
CpRu(PTA)(PPh3)H and 15 mL of tetrahydrofuran. Excess of carbon disulfide (0.30 mL, 
5 mmol) was added and the resulting mixture was stirred at room temperature for 2 hours. 
An immediate color change from faint yellow to orange or red was observed. The solvent 
was then removed under vacuum and the resulting solid washed with anhydrous diethyl 
ether. 
Synthesis of IndRu(PTA)(PPh3)(SC(=S)H) (10) 
Following general method, IndRu(PTA)(PPh3)H (63.7 mg, 0.10 mmol) and CS2 
were stirred for 5 hours and orange solid was generated (67.7 mg, 95% yield) after 
solvent removal. 
1
H NMR (500 MHz, CDCl3): δ 11.53 (s, 1H, Ru(SC(S)-H)); 7.44 – 7.02 
(m, 19H, PPh3, Cp(CH)4); 6.97 (t, 
3
J(HH) =7.3 Hz, 1H, Cp); 6.74 (d, J = 8.4 Hz, 2H, Cp); 
4.31, 4.11 (AB quartet, 
2
J(HAHB) = 12.4 Hz, 6H, NCH2N); 4.01, 3.89 (AB quartet, 
2
J(HAHB) 




H} (125 MHz, CDCl3):  236.4 Ru(SC(S)H); 134.0 – 




















; ν(HCS) 1242 cm
1
. HRMS (ESI-TOF, CH3OH) m/z: [M + NH4]
+ 
Calcd for C34H39N4P2Ru1S2 731.1135; Found 731.1132. 
Synthesis of Cp*Ru(PTA)(PPh3)(SC(=S)H) (11) 
Following general method, Cp*Ru(PTA)(PPh3)H (65.7 mg, 0.10 mmol) and CS2 
were used and red solid was generated (64.5 mg, 88% yield) after solvent removal. 
1
H 
NMR (500 MHz, CDCl3): δ 11.77 (s, 1H, Ru(SC(S)H); 7.60 – 7.39 (m, 15H, PPh3); 4.29, 
4.17 (AB quartet, 
2
J(HAHB) = 12.8 Hz, 6H, NCH2N); 3.85, 3.63 (AB quartet, 
2
J(HAHB) = 




H} (125 MHz, CDCl3):  237.1 













29.4 Hz). IR: νas(CS2) 1003 cm
1
; νs(CS2) 831 cm
1
. HRMS (ESI-TOF, CH3OH) m/z: [M 
+ H]
+ 
Calcd for C35H44N3P2Ru1S2 734.1495; Found 734.1492. 
Synthesis of DpRu(PTA)(PPh3)(SC(=S)H) (12) 
Following general method, orange solid was generated (59.8 mg, 85% yield) from 
the reaction of DpRu(PTA)(PPh3)H (62.7 mg, 0.10 mmol) and CS2. 
1
H NMR (500 MHz, 
CDCl3): δ 11.63 ppm (t, 
4
J(PH) = 2.2 Hz, 1H, Ru(SC(S)-H)); 7.47 – 7.32 (m, 15H, PPh3); 
4.89 (s, 1H, Cp); 4.55 (s, 1H, Cp); 3.73 (s, 1H, Cp); 4.34, 4.16 (AB quartet, 
2
J(HAHB) = 
12.8 Hz, 6H, NCH2N); 3.99, 3.87 (AB quartet, 
2
J(HAHB) = 14.7 Hz, 6H, PCH2N); 2.16 (m, 





H} (125 MHz, CDCl3):  231.6 Ru(SC(S)H); 136.5 - 126.6 PPh3; 109.4, 




H} NMR (162 















; νs(CS2) 831 cm
1
. HRMS (ESI-TOF, CH3OH) m/z: [M + H]
+
 Calcd 
for C33H38N3P2Ru1S2 704.1026; Found 704.1032. 
Synthesis of CpRu(PTA)(PPh3)(SC(=S)H) (13) 
Following general method, red-orange solid was generated (59.7 mg, 90% yield) 
from the reaction of CpRu(PTA)(PPh3)H (58.7 mg, 0.10 mmol) and CS2. 
1
H NMR (500 
MHz, CDCl3): δ
 
11.57 (br, 1H, Ru(SC(S)-H)); 7.44 – 7.28 (m, 15H, PPh3); 4.75 (s, 5H, 
C5H5); 4.35, 4.15 (AB quartet,
 2
J(HAHB) = 12.8 Hz, 6H, NCH2N); 4.09, 3.83 (AB quartet,
 
2




H} (125 MHz, CDCl3):  231.7 RuSC(S)H; 135.3 




H} NMR (162 MHz, d8-








= 36.6 Hz). IR: νas(CS2) 
1002 cm
1
. HRMS (ESI-TOF, CH3OH) m/z: [M + H]
+
 Calcd for C30H34N3P2Ru1S2 
664.0713; Found 664.0711. 
Synthesis of TpRu(PTA)(PPh3)(SC(=S)H) (14) 
Following general method, orange solid was generated (74.6 mg, 92% yield) from 
the reaction of TpRu(PTA)(PPh3)H (73.5 mg, 0.10 mmol) and CS2. 
1
H NMR (500 MHz, 
CDCl3): δ 10.04 (s, 1H, Ru(SC(S)-H)); 7.77 (s, 1H, Tp); 7.66 - 7.63 (m, 3H, Tp); 7.40 - 
7.14 (m, 15H, PPh3); 6.22 (s, 1H, Tp); 6.06 (s, 1H, Tp); 5.99 (s, 1H, Tp); 5.77 (m, 2H, 
Tp); 4.39, 4.19 (AB quartet, 
2




H} (125 MHz, CDCl3):  244.7 Ru(SC(S)H); 144.9, 137.9, 105.9 Tp; 136.1 – 125.4 












= 32.5 Hz). IR: νas(CS2) 1076 cm
1
; νs(CS2) 920 cm
1
. 
HRMS (ESI-TOF, CH3OH) m/z: [M + H]
+





Found 812.1401. X-ray quality crystals were obtained by slow evaporation of toluene 
solution of TpRu(PTA)(PPh3)(SC(=S)H). 
General Method for Preparation of CpRu(PTA)2(SC(=S)H) 
To a Schlenk flask with Teflon cap and stir bar was added 0.10 mmol 
CpRu(PTA)2H and 15 mL of tetrahydrofuran. Excess of carbon disulfide (0.30 mL, 5 
mmol) was added and the resulting mixture was stirred at room temperature for 30 
minutes. An immediate color change from colorless or faint yellow to orange or red was 
observed. The solvent was then removed under vacuum and the resulting solid washed 
with anhydrous diethyl ether. 
Synthesis of DpRu(PTA)2(SC(=S)H) (15) 
Following general method, a yellow orange solid was generated (40.7 mg, 68% 
yield) from the reaction of DpRu(PTA)2H (52.2 mg, 0.10 mmol) and CS2. 
1
H NMR (500 
MHz, CDCl3): δ 11.67 ppm (t, 
4
J(PH) = 2.2 Hz, 1H, Ru(SC(S)H); 4.67 (br. s, 2H, Cp); 
4.56, 4.48 (AB quartet, 
2
J(HAHB) = 12.9 Hz, 12H, NCH2N); 4.13, 4.06 (AB quartet, 
2





H} (125 MHz, CDCl3):  232.6 SC(S)H; 110.6, 83.1, 70.4 Cp; 74.4 




H} NMR (162 MHz, CDCl3): δ 
26.40 ppm (s). IR: νas(CS2) 997 (m) cm
1
. HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 
Calcd for C21H35N6P2Ru1S2 599.0883; Found 599.0883. 
Synthesis of IndRu(PTA)2(SC(=S)H) (16) 
Following general method, red solid was generated (37.7 mg, 62% yield) from the 
reaction of IndRu(PTA)2H (53.2 mg, 0.10 mmol) and CS2. 
1
H NMR (500 MHz, CDCl3): 













MHz, d8-toluene): δ 26.0. HRMS (ESI-TOF, CH3OH) m/z: [M + H]
+
 Calcd for 
C22H33N6P2Ru1S2 609.0727; Found 609.0724. 
Synthesis of CpRu(PTA)2(SC(=S)H) (17) 
Following general method, a yellow orange solid was generated (39.1 mg, 70% 
yield) from the reaction of CpRu(PTA)2H (48.2 mg, 0.10 mmol) and CS2. 
1
H NMR (500 
MHz, CDCl3): δ 11.60 ppm (t, 
4
J(PH) = 2.2 Hz, 1H, Ru(SC(S)H); 4.86 (s, 5H, Cp); 4.57, 
4.49 (AB quartet, 
2
J(HAHB) = 12.7 Hz, 12H, NCH2N); 4.09, 4.05 (AB quartet, 
2
J(HAHB) = 




H} (125 MHz, CDCl3):  236.9 RuSC(S)H; 79.9 C5H5; 73.4 




H} NMR (162 MHz, CDCl3): δ 23.60 ppm (s). IR: νas(CS2) 
999 (m) cm
1
; ν(HCS) 1074, 1186. HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for 
C18H31N6P2Ru1S2 559.0570; Found 559.0575. 
3.4.2.3 Synthesis of cis-Ru(PTA)4(SC(=S)H)2 (18) 
Excess CS2 (0.10 mL, 1.65 mmol) was added to a H2O/toluene (1:5 mL) mixture 
of cis-Ru(PTA)4(H)2 (0.01 mmol) under an inert atmosphere in a 10 mL Schlenk flask for 
4 hours. The solvent was removed by vacuum to yield red-orange oil in 74% yield.  
Before insertion, cis-Ru(PTA)4(H)2: 
1












= 24.7 Hz). 
 After insertion, cis-Ru(PTA)4(SC(S)H)2: 
1





H} (125 MHz, CDCl3):  260.9 Ru-(SC(S)H)2 (weak, broad); 70.9 



















3.4.2.4 Synthesis of CpRu(PTA)2(OC(=O)H) 
General Method for Preparation of CpRu(PTA)2(OC(O)H) 
To a Schlenk flask with septum cap and stir bar was added 0.10 mmol 
CpRu(PTA)2H and 15 mL of tetrahydrofuran. Carbon dioxide gas was bubbled into the 
stirring solution of CpRu(PTA)2H at 78 °C for 20 minutes and the mixture allowed to 
warm to room temperature. Stirring was continued for 24 hours after which the solvent 
was removed under vacuum. 
Synthesis of CpRu(PTA)2(OC(=O)H) (19) 
1
H NMR (500 MHz, D2O): δ 8.35 (s, Ru(OC(O)-H)); 4.72 (s, C5H5); 4.41(s, NCH2N); 




H} (125 MHz, D2O):  160.0 Ru(OC(O)H); 79.21 C5H5; 72.7 
NCH2N; 61.7 PCH2N. HRMS (ESI-TOF, CH3OH) m/z: [M + H]
+
 Calcd for 
C18H31N6P2Ru1O2 527.1027; Found 527.1059. 
Synthesis of DpRu(PTA)2(OC(=O)H) (20) 
1
H NMR (500 MHz, D2O): δ 8.42 Ru(OC(O)-H); 4.57 (m, Cp); 4.30 (m, Cp); 4.49 (s, 




H} (125 MHz, D2O):  
170.1 Ru(OC(O)H); 109.5, 72.2, 68.5 Cp; 70.2 NCH2N; 60.8 PCH2N; 32.2, 29.7, 28.7 
Cp(CH2)3. HRMS (ESI-TOF, CH3OH) m/z: [M + NH4]
+
 Calcd for C21H38N7P2Ru1O2 
584.1606; Found 584.1603. 
3.4.2.5 NMR Scale Synthesis of CpRu(PTA)(PR3)(SC(NPh)H) (where PR3 = PTA, 
PPh3)  
 To a benzene-d6 (1.0 mL) solution of CpRu(PTA)(PR3)H (0.01 mmol) (where 











P NMR spectra were taken after color 
change or other indication of reaction was observed. 
CpRu(PTA)2(SC(NPh)H) (21) NMR Scale 
Before insertion: CpRu(PTA)2H in C6D6  
1
H NMR (500MHz, C6D6):  4.62 (s, 5H, Cp); 4.34, 4.20 (AB spin system, 
2
J(HAHB) = 
12.2 Hz, 12 H, NCH2N); 3.65 (s, 12H, PCH2N); 13.7 (t, 
2









H} NMR (162MHz, 
C6D6):  13.0 (d, PTA, 
2
JPH = 36.5). 
After insertion: CpRu(PTA)2(SC(NPh)H) in C6D6  
1
H NMR (500MHz, C6D6):  8.78 (t,
 4
J(PH) = 1.7 Hz, 1H, Ru-(SC(NPh)H); 7.02, 6.62-
6.55, 6.49 – 6.42 (m, 5H, Ph); 4.44 (s, 5H, Cp); 4.17, 4.07 (AB spin system, 
2
J(HAHB) = 




H}  (126 MHz, C6D6):  172.3 (br. 





NMR (162MHz, C6D6):  23.0 (s, PTA). HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 
Calcd for C24H36N7P2Ru1S1 618.1272; Found 618.1280. Yellow solid precipitates out 
after days in NMR tube due to partial solvent evaporation. 
IndRu(PTA)2(SC(NPh)H) (22) NMR Scale 
Before insertion: IndRu(PTA)2H in C6D6  
1
H NMR (500 MHz, C6D6)  7.48 – 7.40 (m, 2H, Cp(CH)4); 6.46 (dd, 
3
J(HH) = 6.2, 3.0 
Hz, 2H, Cp(CH)4); 5.05 (br. s., 1H, Cp); 4.57 (d, 
3
J(HH) = 2.7 Hz, 2H, Cp); 4.03, 3.88 (AB 
spin system, 
2










H} NMR (162MHz, C6D6):  17.3 (d, 
2
J(PH) = 34.6 Hz, 
PTA). 
After insertion: IndRu(PTA)2(SC(NPh)H) in C6D6  
1
H NMR (500 MHz, C6D6)  8.53 (t, 
4
J(PH) = 1.6 Hz, 1H, Ru-(SC(NPh)H); 7.44 – 7.40 
(m, 2H, Cp(CH)4); 6.44 (dd, 
3
J(HH) = 6.3 Hz, 2H, Cp(CH)4); 6.47 – 6.40 (m, Ph), 6.34 – 
6.27 (m, Ph); 4.89 – 4.87 (m, 1H, Cp), 4.53 – 4.50 (m, 2H, Cp); 4.00, 3.91 (AB spin 
system, 
2





(162MHz, C6D6):  21.4 (s, PTA). HRMS (ESI-TOF, CH3CN/CH3OH) m/z: [M + H]
+
 
Calcd for C28H38N7P2Ru1S1 668.1428; Found 668.1423. Orange powder precipitates out 
after days in NMR tube due to partial solvent evaporation. 
DpRu(PTA)2(SC(NPh)H) (23) NMR Scale 
After insertion: DpRu(PTA)2(SC(NPh)H) in CDCl3  
1
H NMR (500 MHz, CDCl3)  8.76 (t, 
4
J(PH) = 1.8 Hz, 1H, Ru-(SC(NPh)H); 7.60 – 6.89 
(m, Ph); 4.47 (m, 1H, C5H3), 3.88 (d, 
3
J(HH) = 9.1 Hz, 2H, C5H3); 4.54, 4.44 (AB spin 
system, 
2





(162MHz, CDCl3):  25.4 (s, PTA). HRMS (ESI-TOF, CH3CN/CH3OH) m/z: [M + H]
+
 
Calcd for C27H40N7P2Ru1S1 658.1585; Found 658.1579. Yellow solid precipitates out 
after days in NMR tube due to partial solvent evaporation. 
DpRu(PTA)(PPh3)(SC(NPh)H) (24) NMR Scale 
Before insertion: DpRu(PTA)(PPh3)H in C6D6  
1
H NMR (500 MHz, C6D6)  7.77 (m, 6H, PPh3), 7.04 (m, 9H, PPh3); 4.74 (s, 1H, Cp), 
4.51 (s, 1H, Cp), 3.13 (s, 1H, Cp); 4.26, 4.11 (AB spin system, 
2





NCH2N); 3.53 (m, 6H, PCH2N); 2.47 – 1.99 (m, 6H, Cp(CH2)3); 12.08 (dd, 
2
J(PH) =35.7, 
31.5 Hz, Ru-H). 
13
C NMR (126 MHz, C6D6):  142.7, 134.3, 128.8 – 127.6 (PPh3); 




H} NMR (162 MHz, C6D6):  74.0 (apparent triplet, 
2
J = 31.5 Hz, PPh3); 21.0 
(apparent triplet, 
2
J = 32.6 Hz, PTA).  
After insertion: DpRu(PTA)(PPh3)(SC(NPh)H) in C6D6  
1
H NMR (500 MHz, C6D6)  8.84 (ap. t, 
4
J(PH) = 1.5 Hz, 1H, Ru-(SC(NPh)H); 7.47 – 6.44 
(m, 20H, PPh3 + Ph); 4.59 (s, 1H, Cp), 3.66 (s, 1H, Cp), 2.98 (s, 1H, Cp);  4.10, 4.02 (AB 
spin system, 
2
J(HAHB) = 12.7 Hz, 6H, NCH2N);  3.99 – 3.91 (m, 6H, PCH2N);  2.44 – 1.83 
(m, 6H, Cp(CH2)3). 
13
C NMR (126 MHz, C6D6):  172.5 (dd, 
3
J(CP) = 2.5 Hz, 
1
J(CH) = 7.6 
Hz, Ru-(SC(NPh)H);  154.0, 136.0, 134.2, 121.0, 114.6 (Ph); 139.3 – 123.2 (PPh3); 




H} NMR (162MHz, C6D6):  52.1 (d, 
2
JPP = 38.3 Hz, PPh3); 33.7 (d, 
2
JPP = 38.3 
Hz, PTA). HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C39H43N4P2Ru1S1 
763.1727; Found 763.1719. Orange oil remained remained after days in NMR tube due to 
solvent evaporation. 
IndRu(PTA)(PPh3)(SC(NPh)H) (25) NMR Scale 
Before insertion: IndRu(PTA)(PPh3)H in C6D6  
1
H NMR (500 MHz, C6D6)  7.01 – 6.12 (m, 19H, PPh3 + Cp(CH)4); 5.27 (s, 1H, C5H3), 
4.49 (s, 1H, C5H3), 3.99 (s, 1H, C5H3);  3.84, 3.67 (AB spin system, 
2
J(HAHB) = 12.7 Hz, 
6H, NCH2N);  3.03 (q, 
2
J(HAHB) =  15.3 Hz, 6H, PCH2N); 15.90 (dd, 
2









H} NMR (162 MHz, C6D6):  67.8 (apparent triplet, 
2
J = 27.9 Hz, 
PPh3); 24.9 (apparent triplet, 
2
J = 30.8, PTA). 
After insertion: IndRu(PTA)(PPh3)(SC(NPh)H) in C6D6  
1
H NMR (500 MHz, C6D6)  8.78 (br. s, 1H, Ru-(SC(NPh)H); 7.19 – 6.44 (m, PPh3 + Ph 
+ Cp(CH)4); 5.82 (s, 1H, C5H3), 4.92 (s, 1H, C5H3), 4.08 (s, 1H, C5H3);  4.06 – 3.72 (m, 
12H, NCH2N + PCH2N). 
13
C NMR (126 MHz, C6D6):  172.3 (m, Ru-(SC(NPh)H); 
154.0, 141.1, 136.0, 121.2, 113.3 (Ph); 134.3 – 125.2 (PPh3 + Cp(CH)4); 109.6, 88.4, 61.5 




H} NMR (162 MHz, C6D6):  51.1 (d, 
2
J(PP) = 
32.8 Hz, PPh3); 18.2 (d, 
2
J(PP) = 32.8 Hz, PTA). HRMS (ESI-TOF, CH3CN) m/z: [M + 
H]
+
 Calcd for C40H41N4P2Ru1S1 773.1571; Found 773.1566. Orange solid remained after 
days in NMR tube due to solvent evaporation. 
CpRu(PTA)(PPh3)(SC(NPh)H) (26) NMR Scale 
Before insertion: CpRu(PTA)(PPh3)H in C6D6  
1
H NMR (500 MHz, C6D6)  7.61 – 7.17 (m, 15H, PPh3); 4.45 (s, 5H, Cp): 4.07, 3.90 
(AB spin system, 
2
J(HAHB) = 12.7 Hz, 6H, NCH2N); 3.31, 3.27 (AB spin system, 
2
J(HAHB) 
= 15.3 Hz, 6H, PCH2N); 12.45 (dd, 
2
J(PH) = 36.2, 31.7 Hz, 1H, Ru-H). 
After insertion: CpRu(PTA)(PPh3)(SC(NPh)H) in C6D6  
1
H NMR (500 MHz, C6D6)  8.81 (ap. t, 
4
J(PH) = 1.7 Hz, 1H, Ru-(SC(NPh)H); 7.58 – 
7.17 (m, 15H, PPh3); 6.58 – 6.40 (m, Ru(SC(NPh)H); 4.50 (s, 5H, Cp); 4.10, 4.00 (AB 
spin system, 
2





(162MHz, C6D6):  55.4 (d, 
2
JPP = 38.4 Hz, PPh3); 34.9 (d, 
2





HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C36H39N4P2Ru1S1 723.1414; Found 
723.1413. Orange oil remained after days in NMR tube due to solvent evaporation. 
TpRu(PTA)(PPh3)(SC(NPh)H) (27) NMR Scale 
Before insertion: TpRu(PTA)(PPh3)H in C6D6  
1
H NMR (500 MHz, C6D6)  7.68 (d, J = 1.7 Hz, 1H, Tp); 7.63 (d, J = 2.3 Hz, 1H, Tp); 
7.51 - 7.37 (m, 6H, PPh3); 7.30 (d, J = 1.7 Hz, 1H, Tp); 7.25 (d, J = 2.3 Hz, 1H, Tp); 7.02 
- 6.99 (dt, J = 2.4, 1.2 Hz, 2H, Tp); 6.85 - 6.80 (m, 9H, PPh3); 6.63 (d, J = 1.8 Hz, 1H, 
Tp); 5.96 (t, J = 2.0 Hz, 1H, Tp); 5.77 (t, J = 2.1 Hz, 1H, Tp); 5.29 (t, J = 2.1 Hz, 1H, 
Tp); 4.07, 3.85 (AB spin system, 
2
J(HAHB) = 13.1 Hz, 6H, NCH2N); 3.71, 3.49 (AB spin 
system, 
2
J(HAHB) = 14.6 Hz, 6 H, PCH2N); 13.91 (dd, 
2




H}  (126 MHz, C6D6):  147.6, 145.0, 105.6 (Tp); 139.7, 134.6, 128.9 (PPh3); 75.3 




H} NMR (162MHz, C6D6):  71.8 (dd, 
2
JPP =35.2 Hz, 
2
J(PH) = 25.3 Hz, PPh3); 23.9 (dd,
 2
JPP =35.2 Hz, 
2
J(PH) = 30.9 Hz, PTA). 
After insertion: TpRu(PTA)(PPh3)(SC(NPh)H) in C6D6  
1
H NMR (500 MHz, C6D6)  9.35 (ap. t, 
4
J(PH) = 2.0 Hz, 1H, Ru-(SC(NPh)H); 7.81 – 7.06 
(m, 6H, Tp); 7.00 - 6.48 (m, 20H, PPh3 + Ph); 6.33 – 6.24 (m, 1H, Tp); 5.90 – 5.72 (m, 
2H, Tp); 5.44 (d, J = 13.0 Hz, 1H, Tp); 4.19 – 3.97 (m, 6H, NCH2N); 3.92 - 3.59 (m, 6H, 
PCH2N). HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C40H44B1N10P2Ru1S1 








Cp*Ru(PTA)(PPh3)(SC(NPh)H) (28) NMR Scale 
Before insertion: Cp*Ru(PTA)(PPh3)H in C6D6  
1
H NMR (500 MHz, C6D6)  7.60 – 7.52, 6.88 – 6.58 (m, 15H, PPh3); 3.97, 3.83 (AB 
spin system, 
2
J(HAHB) = 12.9, 12.1 Hz, 6H, NCH2N); 3.22 (apparent quartet, 6H, PCH2N); 
1.45 (s, 15H, (CH3)5); 13.08 (dd, 
2
J(PH) = 36.6, 31.7 Hz, 1H, Ru-H). 
After insertion: Cp*Ru(PTA)(PPh3)H in C6D6  
1
H NMR (500 MHz, C6D6)  8.80 (br. s, 1H, Ru-(SC(NPh)H); 7.62 – 7.54, 6.97 – 6.62 
(m, 15H, PPh3); 6.67 – 6.62, 6.55 – 6.49 (m, Ph); 4.15, 4.09  (AB spin system, 
2
J(HAHB) = 
13.0, 12.4 Hz, 6H, NCH2N);  3.99, 3.87 (apparent quartet, 6H, PCH2N); 1.51 (s, 15H, 
(CH3)5). HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C41H49N4P2Ru1S1 
793.2197; Found 793.2176. Orange oil remained after days in NMR tube due to solvent 
evaporation. 
3.4.2.6 NMR Scale Synthesis of CpRu(PTA)2(OC(NPh)H) 
To a benzene-d6 (1.0 mL) solution of CpRu(PTA)(PR3)H (0.01 mmol) (where PR3 = 
PTA, PPh3) under an N2 atmosphere in an NMR tube was added excess phenyl 






P NMR spectra were taken after color 
change or indication of reaction was observed. 
CpRu(PTA)2(OC(NPh)H) (29) NMR Scale 
CpRu(PTA)2(OC(NPh)H) in C6D6  
1
H NMR (500MHz, C6D6):  8.62 (br. singlet, 1H, Ru-(OC(NPh)H); 7.09 – 6.23 (m, Ph); 
3.92 (s, 5H, Cp); 3.98, 3.90 (AB spin system, 
2
J(HAHB) = 12.2 Hz, 12 H, NCH2N); 3.49 – 









HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C24H36N7P2Ru1O1 602.1500; Found 
602.1510. Yellow oil remained after days in NMR tube due to solvent evaporation. 
DpRu(PTA)2(OC(NPh)H) (30) NMR Scale 
HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+
 Calcd for C27H40N7P2Ru1O1 642.1813; Found 
642.1806. Black solid remained after days in NMR tube due to solvent evaporation. 
IndRu(PTA)2(OC(NPh)H) (31) NMR Scale 
1









(162MHz, C6D6):  22.70. HRMS (ESI-TOF, CH3CN) m/z: [M + H]
+ 
Calcd for 
C28H38N7P2Ru1O1 652.1657; Found 652.1657. 
3.4.3 Kinetic Measurements  
To a toluene-d8 (1.0 mL) solution of CpRu(PTA)(PPh3)H (0.01 mmol) under an 
N2 atmosphere in an NMR tube was added excess CS2 (20  L, 0.33 mmol) and the NMR 
tube was then quickly placed into the NMR spectrometer. The rates of CS2 insertion were 
monitored by following the disappearance of Ru-H and the appearance of Ru-(SC(=S)H) 
peaks by 
1
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Methylation of CpRu(PTA)2Cl (where Cp = Cp, Dp, Ind) 
4.1 Introduction 
 One of the most well-known type of reactions in organometallic chemistry is the 
insertion of small molecules into transition metal-alkyl or –aryl bonds.
1
 These reactions 
are key steps in a large variety of important stoichiometric and catalytic processes 
including carbonylation of alcohols, Fischer-Tropsch and related syn gas chemistry, and 
hydroformylation.
2
 Early-transition-metal alkyl complexes have been widely studied 
since they serve as important catalyst precursors for the polymerization of olefins.
3,4
  
 Our interests in methylated ruthenium (II) complexes originate from the goal of 
having a series of complexes that will allow us to investigate heteroallene insertion into 
metal-carbon bond. The insertion reactions of heteroallenes, such as CS2 and CO2, into 
metal-hydrogen and metal-carbon  bonds at different metal centers are well-studied 
processes.
5-21
 We have discussed heteroallene insertion into the Ru-H bond of 
CpRu(PTA)(PR3)H (where PR3 = PTA or PPh3) in the previous chapter (Chapter 3). This 
study presents the methylation of CpRu(PTA)2Cl to afford CpRu(PTA)2(CH3) 
complexes, Scheme 4.1. These methylated complexes can be used for CS2 and CO2 
insertion reactions and would be great system to study heteroallene insertion into the Ru-
C bond. The synthesis, characterization, and properties of CpRu(PTA)2(CH3) (Cp = Cp, 
Dp, Ind) complexes are discussed here.  Furthermore, methylation of Ru(PTA)4Cl2 which 
can be considered as the water-soluble analog of the organometallic CpRu(PTA)(PR3)Cl 






Scheme 4.1 Methylation of CpRu(PTA)2Cl. 
 
4.2 Results and Discussion 
4.2.1 Methylation of CpRu(PTA)2Cl (where Cp = Cp, Dp, or Ind) 
Addition of CH3Li in diethoxymethane into THF solution of CpRu(PTA)2Cl 
(where Cp = Cp, Dp) afforded CpRu(PTA)2(CH3) in moderate yields (62-68%). 
Methylation of CpRu(PTA)2Cl proceeded slowly even after the addition of 3 equivalent 
excess of CH3Li. The reaction was stirred at room temperature until the colorless solution 
turned yellow (ca. 72 hours). The mixture was then concentrated to half its original 
volume to separate the products from LiCl which crashed out of the solution. Filtration 
through celite was performed, followed by removal of the solvent under vacuum to give 
CpRu(PTA)2(CH3) as a yellow solid. Warming during solvent evaporation was avoided 
as heat caused a sudden color change from yellow to black. The methylated ruthenium 
(II) complexes appear to be unstable above room temperature. 
CpRu(PTA)2(CH3) (32) and DpRu(PTA)2(CH3) (33), as shown in Figure 4.1, are 
previously unreported complexes. These methylated ruthenium (II) complexes were 


































Dp). However, the complexes easily decompose in solution as indicated by color change 
from yellow to black. Solubility in other solvents was not tested due to facile 
decomposition and air sensitivity of complexes 32 and 33. Synthesis of 
IndRu(PTA)2(CH3) (34) was attempted; however, the decomposition of the reaction 
mixture might be happening before methylation is completed. All spectra taken for 34 
were inconclusive and might be due to already decomposed IndRu(PTA)2(CH3) or 
incomplete reaction mixture. 
 
   
32 33 34 




H NMR spectroscopy of 32 and 33 showed that the resonance for 
Ru-CH3 appears at 0.45 ppm in CDCl3 for 32 and 0.24 ppm in C6D6 for 33. The 
methyl protons couple with the two PTA nucleus exhibiting a 
3
JHP of 6.5 Hz for 32 and 
5.0 Hz for 33. The observed 
1
H resonance and coupling constant conform with the typical 
Ru-CH3 chemical shift and coupling constant reported in the literature (δ 0.60 to 0.53 
ppm and 
3
JHP = 3-8 Hz)
22-25 





























































that the methyl protons of CH3Li show up  as a single resonance at 1.32 ppm (higher 
field compared with Ru-CH3 protons) in C6D6. 
The 
1
H NMR spectra of the starting material CpRu(PTA)2Cl and product 
CpRu(PTA)2(CH3) in CDCl3 are provided in Figure 4.2. CpRu(PTA)2Cl shows proton 
resonances that are more downfield compared to the proton resonances of 32 due to 
stronger deshielding effect of the chloride than the methyl ligand. For complex 32, the 
resonances for Cp protons at 4.55 ppm overlapped with the AB quartet resonances of 
NCH2N protons of the PTA at  4.48 ppm (
2
J(HAHB) = 15.0 Hz); while the PCH2N protons 
of the PTA appeared at 3.82 ppm as another AB quartet (
2
J(HAHB) = 15.1 Hz), Figure 4.3. 
The 
1
H NMR spectrum of DpRu(PTA)2(CH3) in C6D6 showed peaks corresponding to the 
successful synthesis of 33; however, the Ru-CH3 peak disappeared during NMR spectrum 
acquisition. Decomposition of DpRu(PTA)2(CH3) happened in ca. 5 minutes and seemed 






Figure 4.2 Top figure is 
1
H NMR spectrum of CpRu(PTA)2(CH3) in CDCl3 (inset shows 
Ru-CH3 protons) while bottom figure is 
1
H NMR spectrum of CpRu(PTA)2Cl in CDCl3.  
 
 
Figure 4.3 Assigned and integrated 
1








H NMR spectrum of DpRu(PTA)2(CH3) in benzene-d6. 
 
 




H} spectra, in 
CDCl3, of complex 32 at 16.4 ppm and complex 33 at 14.7 ppm. These spectra are 




H} NMR spectrum of 32 in CDCl3 contains the 
methyl carbon (Ru-CH3) at 1.17 ppm, Figure 4.7. Cp carbons appear as a single 
resonance at 79.0 ppm while the PTA carbons show up at 73.6 ppm for NCH2N and 59.2 
ppm for PCH2N at 59.2 ppm. A lower field shift for Cp and PCH2N 
13
C resonances were 
observed for CpRu(PTA)2(CH3) compared to its chloride counterpart indicating the 
decrease in shielding of these carbons (Figure 4.7). The 
13
C NMR spectrum of 33, in 
CDCl3, exhibits a broad single resonance at 2.13 ppm for Ru-CH3 carbon, Figure 4.8. The 
three types of Dp carbons that are η
5
-bound to Ru show up at 132.4 ppm (d, 
1





Hz), 127.5 ppm (s), and 127.3 ppm (d, 
1
JHC = 6.6 Hz); while the two types of Cp(CH2)3 
carbons show up as broad peaks at 30.3 and 26.9 ppm. The PTA carbons appear at 73.7 
ppm (t, 
1
JHC = 2.9 Hz) for NCH2N and at 57.3 ppm (t, 
1









H} NMR spectrum of CpRu(PTA)2(CH3) in CDCl3 while 















H} NMR spectrum of DpRu(PTA)2(CH3) in CDCl3. 
 
 




H} NMR spectrum of CpRu(PTA)2(CH3) in CDCl3 while 











C NMR spectrum of DpRu(PTA)2(CH3) in CDCl3. 
 
HRMS-ESI+ analysis of CpRu(PTA)2(CH3) (32 and 33) complexes only showed 
the [CpRu(PTA)2]
+
 fragment, Figure 4.9, which suggest the ease of cleavage of the 
methyl moiety from the ruthenium center. 
 
 
Figure 4.9 Electrospray HRMS (C6H6) analysis for DpRu(PTA)2(CH3), only detects 
[MCH3] or [DpRu(PTA)2]
+





Future work on CpRu(PTA)2(CH3) involves reaction with unsaturated molecules 
such as heteroallenes and alkynes that are available in the group. CO2 and CS2 are 
expected to insert into the metal-carbon bond of the CpRu(PTA)2(CH3), and can be 
potential sources of metal acetates and dithioacetates, Scheme 4.2. 
 
 
Scheme 4.2 Heteroallene insertion into Ru-C bond of CpRu(PTA)2(CH3). 
 
4.2.2 Methylation of trans-Ru(PTA)4Cl2  
Double methylation of trans-Ru(PTA)4Cl2 to yield trans-Ru(PTA)4(CH3) (35) 
was attempted following the procedure for CpRu(PTA)2(CH3) synthesis. The 
1
H NMR 
spectrum of the resulting solid in CDCl3 did not show any shift in the resonance of the 
PTA protons:  4.61, 4.57 (AB quartet, 
2
JHAHB = 20.0, 15.0 Hz NCH2N); 4.40 (s, 
PCH2N), Figure 4.10. However, a multiplet resonance at 0.85 (m, 
3







H} NMR spectrum of the yellow solid, in CDCl3, 
suggests a mixture of the starting material trans-Ru(PTA)4Cl2 and another methylated 
complex that resonates at 31.46 ppm (s, PTA), Figure 4.11. It is unclear if single or 




H} spectrum of the solid in CDCl3 showed 




























Figure 4.12. The complex is soluble in chloroform and dichloromethane but insoluble in 
acetone. Decomposition in solution was also observed after a couple of days. 
 
 




H NMR spectrum of the mixture obtained from methylation of trans-
















































H} NMR spectrum of the mixture obtained from methylation of trans-











4.3 Concluding Remarks 
 Alkylation of CpRu(PTA)2Cl (where Cp = Cp, Dp) with methyllithium afforded 







P spectroscopy. Slow formation and facile decomposition 
of CpRu(PTA)2(CH3) were observed. Future work on heteroallene insertion should be 
done immediately after extraction of the THF solution of CpRu(PTA)2(CH3) from the 
LiCl byproduct, without removing the THF solvent, to avoid decomposition.  
4.4 Experimental 
4.4.1 Materials and methods 
All reactions were performed under a dry nitrogen atmosphere, using 
conventional Schlenk vacuum-line techniques and glove box. Reagents were purchased 
from commercial suppliers, and used as received. Solvents were freshly distilled from 
standard drying reagents (Na/benzophenone for THF; Mg/I2 for methanol) or dried with 







 were synthesized according to literature 
procedures; while the synthesis and characterization of IndRu(PTA)2Cl were discussed in 




C NMR spectra were recorded on a Varian NMR 
System 500 spectrometer while 
31
P NMR spectra were acquired on an MR 400 NMR 




C NMR spectra were 
referenced to residual solvent relative to tetramethylsilane (TMS). Phosphorus chemical 
shifts are relative to an external reference of 85% H3PO4 in D2O with positive values 
downfield of the reference. Electrospray ionization mass spectra (ESI-MS) were recorded 





Agilent solution G1969-85000 with purine at 121 m/z and HP-0921 at 922 m/z prior to 
analysis (positive ion mode) and a Waters Micromass 20 ESI mass spectrometer (positive 
ion mode).  
4.4.2 CpRu(PTA)2(CH3) Synthesis 
Synthesis of CpRu(PTA)2(CH3) (32) 
(η
5
-C5H5)Ru(PTA)2Cl (51.6 mg, 0.10 mmol) was dissolved in 20 mL of freshly 
distilled tetrahydrofuran and the solution was cooled to 78 °C. Slow addition of 3.0 M 
CH3Li in diethoxymethane (0.10 mL, 0.30 mmol) was done and the mixture was stirred 
under nitrogen and allowed to warm to room temperature.  After 30 minutes, stirring 
continued for 3 days or until the colorless mixture turned yellow. The resulting pale 
yellow mixture was filtered to remove the LiCl salt and the filtrate was dried under vacuo 
affording 33.7 mg of yellow CpRu(PTA)2(CH3) solid (68% yield). 
1
H NMR (500MHz, 
CDCl3):  4.55 (s, 5H, Cp); 4.55, 4.43 (AB quartet, 
2
J(HAHB) = 15.0 Hz, 12H, NCH2N); 
3.86, 3.76 (AB quartet, 
2
J(HAHB) = 15.1 Hz, 12H, PCH2N); 0.45 (t,
 3









H} NMR (162MHz, CDCl3):  16.4 (s, PTA). 
Synthesis of DpRu(PTA)2(CH3) (33) 
(η
5
-C8H9)Ru(PTA)2Cl (16.9 mg, 0.03 mmol) was dissolved in 10 mL of freshly 
distilled tetrahydrofuran and the solution was cooled to 78 °C. Slow addition of 3.0 M 
CH3Li in diethoxymethane (30  L, 0.09 mmol) was done and the mixture was stirred 
under nitrogen and allowed to warm to room temperature.  After 30 minutes, stirring 





yellow mixture was filtered to remove the LiCl salt and the filtrate was dried under vacuo 
affording 9.9 mg of yellow DpRu(PTA)2(CH3) solid (62% yield). 
1
H NMR (500MHz, 
C6D6):  4.28, 4.16 (AB quartet, 
2
J(HAHB) = 15.0 Hz, 12H, NCH2N); 4.17 (s, 1H, Cp); 
3.99, 3.84 (AB quartet, 
2
J(HAHB) = 13.0 Hz, 12H, PCH2N); 3.59-3.51 (m, 2H, Cp); 2.38-
1.91 (m, 6H, Cp(CH2)3); 0.24 (t,
 3
J(HP) = 5.0 Hz, 3H, CH3). 
1
H NMR (500MHz, CDCl3): 
 0.54 (t,
 3
J(HP) = 6.5 Hz, 3H, CH3).
13
C  (126 MHz, CDCl3):  132.4 (d, 
1
JHC = 19.0 Hz), 
127.5 (s), 127.3 (d, 
1
JHC = 6.6 Hz) Cp; 73.7 (t, 
1
JHC = 2.9 Hz, NCH2N; 57.3 (t, 
1
JHC = 7.9 




H} NMR (162MHz, 
CDCl3):  14.7 (s, PTA). 
Synthesis of IndRu(PTA)2(CH3) (34) 
 (η
5
-C9H7)Ru(PTA)2Cl (56.6 mg, 0.10 mmol) was dissolved in 20 mL of freshly 
distilled tetrahydrofuran and the solution was cooled to 78 °C. Slow addition of 3.0 M 
CH3Li in diethoxymethane (0.10 mL, 0.30 mmol) was done and the mixture was stirred 
under nitrogen and allowed to warm to room temperature. After 30 minutes, stirring 
continued for 5 days or until the colorless mixture turned yellow. The resulting pale 
yellow mixture was filtered to remove the LiCl salt and the filtrate was dried under vacuo 
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Chapter 5 
Atom transfer radical addition of CCl3CO2Et to styrene catalyzed by 
CpRu(PPh3)(PR3)H (where Cp = Cp, Cp*, Dp, Ind, Tp; PR3 = PTA, PMe3, PPh3)* 
5.1 Introduction 





ligands have been reported to efficiently catalyze atom transfer radical addition (ATRA) 
and/or atom transfer radical polymerization (ATRP).
1-8
 ATRA, also referred to as 












 (5b) where CB is a 
monoanionic carborane ligand) are among the superior catalysts for ATRA described so 
far. Cp*Ru(PPh3)2Cl showed exceptional performance for the addition of CCl4 and 
CHCl3 to olefins with total turnovers (TTO) of 1600-1700 and turnover frequencies 






-CB)Ru(PPh3)2H] exhibited outstanding activity for 
the addition of CCl4 to styrene (TTO of 9000 and TOF of 1500 h
1
) and methyl 
methacrylate (MMA) (TTO of 4200 and TOF of 1900 h
1
)  under very mild conditions 
(40 °C). Some of the highly efficient ruthenium half-sandwich complexes for ATRA 
R + CXCl3
Initiator










 (5c) and RuCl2(p-cymene)(PCy3)
13
 (5d) are given in Figure 
5.1. The use of 2,2’-azobis(isobutyronitrile) (AIBN) in transition-metal-catalyzed ATRA 
was introduced by Severin and co-workers, who proposed that AIBN allows for the 
reduction of Cp*Ru
III









 catalyzed reactions and 













Figure 5.1 Ruthenium half-sandwich complexes utilized as ATRA catalysts. 
 
 We previously described the synthesis and characterization of a series of 
ruthenium mixed-phosphine complexes of the type CpRu(PPh3)(PR3)Cl complexes, 
where Cp = Cp, Cp*, Dp, Ind, or Tp; PR3 = PMe3, PPh3, or PTA.
7,8
 In this chapter, we 
report the factors affecting the efficiency of CpRu(PPh3)(PR3)Cl (where Cp = Cp, Cp*; 
PR3 = PTA, PMe3) (Figure 5.2) towards the addition of trichloroethyl acetate to styrene, 
Scheme 5.2. In particular, the effect of Cp (Cp* versus Cp) and PR3 (PMe3 versus PTA) 
are presented by including a series of kinetics plots of the addition of CCl3CO2Et to 
styrene catalyzed by these complexes. In addition, the effect of PPh3 and AIBN 



























36 37 38 39 
Figure 5.2 Ruthenium complexes used as catalyst precursors for ATRA. 
 
 
Scheme 5.2 ATRA of CCl3CO2Et to styrene catalyzed by CpRu(PPh3)(PR3)Cl. 
 
5.2 Results and Discussion 
Atom transfer radical addition of trichloroethyl acetate to styrene, Scheme 5.2, 
was performed using a series of air-stable CpRu(PPh3)(PR3)Cl catalysts (where Cp = 
Cp, Cp*, Dp, Ind, Tp; PR3 = PMe3, PPh3, PTA) as shown in Figure 5.3.
8
 The synthesis 
and characterization of the catalysts are previously reported by our group
7,8
 and will not 
be repeated here. The ATRA reactions of CCl3CO2Et to styrene proceeded very 
efficiently at 60 °C and the desired 1:1 adduct 40 was obtained pure (Figure 5.4) in 
quantitative yields. This study presents our investigation on the effects of factors such as 
absence of Ru catalyst; variation of concentrations of the radical source (AIBN) and the 
ligand PPh3 (which was thought to be displaced prior to the start of catalysis); 
comparison of the ancillary ligands (Cp and Cp*); and comparison of the phosphine 




















CCl2CO2Et1 mol % Cp'Ru(PR3)(PPh3)Cl





Figure 5.3 Comparison of the rates (TOF’s in h
1
) of CCl3CO2Et addition to styrene 
catalyzed by CpRu(PPh3)(PR3)Cl (where PR3= PMe3 or PTA) complexes. 
 
 A blank reaction in the absence of a ruthenium catalyst, but keeping AIBN, was 
ran and shown in Figure 5.5. With catalysts, the addition of CCl3CO2Et to styrene at 60 
°C gives adduct 40 within 1-4 h, Table 5.1. However, in the absence of Ru no reaction 
was observed even after 30 hours indicating that AIBN is not able to catalyze the reaction 








H NMR spectrum in toluene-d8 of the 1:1 adduct 40 (2,2,4-trichloro-4-
phenyl-butyric acid ethyl ester) formed by CCl3CO2Et addition to styrene. 
Figure 5.5 Array of 
1
H NMR spectra for the addition of CCl3CO2Et to styrene, in the 















1 Cp*Ru(PPh3)(PTA)Cl (36) 1.5 251.6 99 
2 Cp*Ru(PPh3)(PMe3)Cl (37) 2 132.1 98 
3 CpRu(PPh3)(PTA)Cl (38) 4 34.7 98 
4 CpRu(PPh3)(PMe3)Cl (39) 4 38.6 99 
5
d
 CpRu(PPh3)(PMe3)Cl (39) 4 14.8 59 
6
f
 Cp*Ru(PPh3)2Cl 1.5 226.0 98 
7
f
 DpRu(PPh3)(PTA)Cl 3.25 40.6 98 
8
f
 DpRu(PPh3)(PMe3)Cl 3.25 51.7 98 
9
f
 IndRu(PPh3)(PTA)Cl 3.5 61.6 99 
10
f
 IndRu(PPh3)(PMe3)Cl 5 54.5 99 
11
f
 TpRu(PPh3)(PTA)Cl 24 --- 21 
12
f
 TpRu(PPh3)(PMe3)Cl 24 --- 28 
13
e
 --- 30 --- --- 
a
All reactions were performed in toluene-d8, using 1 mol% catalyst and 5 mol% AIBN at 
60 °C. 
b
TOF is defined as mol-product/mol-cat/h, calculated at 50-65% conversion of 
styrene. 
c
Yield is determined by 
1




Without Ru catalyst with 5 mol% AIBN. 
f
See reference 8. 
 
Figure 5.6 CpRu(PPh3)(PMe3)Cl versus Cp*Ru(PPh3)(PMe3)Cl: kinetics plot for the 
addition of CCl3CO2Et to styrene catalyzed by CpRu(PPh3)(PMe3)Cl and 
followed by 
1





























 Among the CpRu(PPh3)(PR3)Cl catalysts employed,
8
 36 and 37 exhibited high 
reactivity with turnover frequencies (TOF, defined as mol-product/mol-catalyst/h, 
calculated at 50-65% conversion of styrene) of 251.6 and 132.1 h
1
, respectively. There is 
a relatively large difference in the catalytic performance of Cp* and Cp as illustrated in 
Figure 5.6 owing to the difference in their structure and electronics (Table 5.1, entries 2 
and 4). The high activity of the Cp* complexes may be related to the steric bulk and 
higher electron donating ability of the Cp* ancillary ligand compared with Cp, which 
would stabilize the coordinatively unsaturated 16 e






Scheme 5.3 General mechanism for CpRu(PPh3)(PR3)Cl catalyzed ATRA reaction 


































 The catalytic performance of PTA complexes was found to be similar to that of 
their PMe3 analogues for most of the Cp ancillary ligand (Table 5.1). Figure 5.7, for 
instance, shows the overlapping kinetics plots of CpRu(PPh3)(PTA)Cl and 
CpRu(PPh3)(PMe3)Cl catalyzed reactions. Futhermore, Figures 5.8 and 5.9 show the 
almost identical array of 
1
H NMR spectra catalyzed by complexes 38 and 39. However, 
Cp*Ru(PPh3)(PMe3)Cl (37) deviates from these observation and displays lower activity 
compared with Cp*Ru(PPh3)(PTA)Cl (36) (Figure 5.10). Complex 37 obtained a 98% 
conversion within 2 h and a TOF of 132.1 h
1
 while complex 36 obtained a 99% 
conversion in 1.5 h
1
 and a TOF of 251.6 h
1
. The PMe3 ligand when combined with Cp* 
may be too electron rich causing a slightly lower activity compared with 
Cp*Ru(PPh3)(PTA)Cl. Figures 5.11 and 5.12 show the array of 
1
H NMR spectra 
catalyzed by complexes 36 and 37. 
 
Figure 5.7 CpRu(PPh3)(PTA)Cl versus CpRu(PPh3)(PMe3)Cl: kinetics plot for the 
addition of CCl3CO2Et to styrene catalyzed by CpRu(PPh3)(PR3)Cl and 
followed by 
1


























1 mole% CpRu(PPh3)(PTA)Cl 











Figure 5.8 Array of 
1
H NMR spectra in toluene-d8 for the CpRu(PPh3)(PTA)Cl catalyzed 
CCl3CO2Et addition to styrene. The spectra were recorded every 10 minutes, 

















Figure 5.9 Array of 
1
H NMR spectra in toluene-d8 for the CpRu(PPh3)(PMe3)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded every 









Figure 5.10 Cp*Ru(PPh3)(PTA)Cl versus Cp*Ru(PPh3)(PMe3)Cl: kinetics plot for the 






Figure 5.11 Array of 
1
H NMR spectra in toluene-d8 for the CpRu*(PPh3)(PTA)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded every 10 minutes, at 
























1 mole% Cp*Ru(PPh3)(PMe3)Cl 





Figure 5.12 Array of 
1
H NMR spectra in toluene-d8 for the Cp*Ru(PPh3)(PMe3)Cl 
catalyzed CCl3CO2Et addition to styrene. The spectra were recorded every 
10 minutes, at 60 °C, and displayed from 0.5 ppm through 7.5 ppm.  
 
 The effect of triphenylphosphine concentrations on the addition of CCl3CO2Et to 
styrene catalyzed by CpRu(PPh3)(PMe3)Cl (where Cp = Cp, Cp*) were investigated 
using 
1
H NMR spectroscopy, Figures 5.12 and 5.13. With CpRu(PPh3)(PMe3)Cl (39), the 
kinetics plots of conversion versus time show an induction period at early time after the 
addition of 10 or 20 mol% PPh3 (Figure 5.13). These observations support the proposed 
mechanism shown in Scheme 5.3 that PPh3 likely dissociates prior to the start of 
catalysis. However, once catalysis starts the rate is faster in the presence of 10 mole% 
PPh3. At high PPh3 loadings (20%), the yield significantly decreased for complex 39. A 




observed, probably because the reaction is much faster (Figure 5.14). Based on the 
kinetics plots shown in Figures 5.12 and 5.13, triphenylphosphine seems to have both 





Figure 5.13 Kinetics plots for the addition of CCl3CO2Et to styrene followed by 
1
H NMR 
spectroscopy and catalyzed by 1 mol% CpRu(PPh3)(PMe3)Cl comparing the 
























1 mole% of CpRu(PPh3)(PMe3)Cl 
1 mole% of CpRu(PPh3)(PMe3)Cl with 10 mole% of PPh3 





Figure 5.14 Kinetics plots for the addition of CCl3CO2Et to styrene followed by 
1
H NMR 
spectroscopy and catalyzed by 1 mol% Cp*Ru(PPh3)(PMe3)Cl comparing the 
reaction with no added PPh3, with 10 mol% PPh3, and 20 mol% PPh3.  
   
 AIBN was thought to be responsible for the reduction of the Ru(III)-X back to the 
active Ru(II) catalyst.
4
  In the absence of AIBN the addition of CCl3CO2Et to styrene 
catalyzed by 39 is much slower (TOF = 14.8 h
1 
and 59% conversion; Table 5.1, entry 5) 
compared with when 5 mol% AIBN is present (TOF = 38.6 h
1 
and 99% conversion; 
Table 5.1, entry 4), Figure 5.15. The effect of varying the concentrations of AIBN on the 
addition of CCl3CO2Et to styrene catalyzed by CpRu(PPh3)(PMe3)Cl is illustrated in 
Figure 5.16. As the concentration of AIBN is increased from 1 to 10 mol% the rate of 
reaction increases, which conforms to our previous findings.
7
 However, above 10 mol% 
























1 mole% Cp*Ru(PPh3)(PMe3)Cl 
1 mole% Cp*Ru(PPh3)(PMe3)Cl with 10 mole%PPh3 





Figure 5.15 Kinetics plot for the addition of CCl3CO2Et to styrene followed by 
1
H NMR 
spectroscopy and catalyzed by 1 mol% CpRu(PPh3)(PMe3)Cl comparing the 
reaction in the presence of 10 mole% PPh3 and in the absence of AIBN. 
 
Figure 5.16 Kinetics plots for the addition of CCl3CO2Et to styrene catalyzed by 1 

























1mole% catalyst with 10mole% PPh3 

























1 mole% AIBN 
5 mole% AIBN 
10 mole% AIBN 




5.3 Concluding Remarks 
 ATRA of CCl3CO2Et to styrene catalyzed by 1 mol% CpRu(PPh3)(PR3)Cl 
(where Cp = Cp, Cp* and PR3 = PPh3, PTA) were investigated. The highest activities 
were observed for Cp*Ru(PPh3)(PTA)Cl and Cp*Ru(PPh3)(PMe3)Cl, most likely due to 
the steric bulk and electron donating ability of Cp*. The catalytic performance of PTA 
complexes was found to be similar to that of their PMe3 analogues except for the already 
electron rich Cp* systems which displayed a lower activity with the more electron 
donating PMe3 ligand. An increase in [AIBN] of up to 10 mol% increases the reaction 
rate, from which the reaction rate started to plateau. There is no discernible reaction in 
the absence of CpRu(PPh3)(PR3)Cl catalyst even in the presence of AIBN. Excess 
triphenylphoshine (PPh3) plays both a promotive and inhibitory role in catalysis.  
5.4 Experimental 
5.4.1 Materials & Methods 
All reactions were performed under a dry nitrogen atmosphere, using 
conventional Schlenk vacuum-line techniques and glove box. Reagents were purchased 
from commercial suppliers, and used as received. Solvents were freshly distilled from 
standard drying reagents (Na/benzophenone for THF; Mg/I2 for methanol) or dried with 
activated molecular sieves and degassed with nitrogen, prior to use. Column 
chromatography was performed using Silicycle silica gel (60-200 mesh). 
CpRu(PPh3)(PMe3)Cl
7





 were synthesized according to literature procedures. Kharash 
addition reactions were carried out under nitrogen in standard NMR tube or in J-Young 










C NMR spectra were recorded on a Varian NMR System 500 spectrometer 
while 
31
P NMR spectra were acquired on an MR 400 NMR spectrometer with chemical 




C NMR spectra were referenced to residual solvent 
relative to tetramethylsilane (TMS). Phosphorus chemical shifts are relative to an external 
reference of 85% H3PO4 in D2O with positive values downfield of the reference.  
5.4.2 ATRA of CCl3CO2Et to styrene 
To a 1.5 mL GC vial was added 1 mol % catalyst (0.0138 mmol), 5 mol % AIBN 
(11.3 mg, 0.069 mmol), styrene (158  L, 1.38 mmol), CCl3CO2Et (230  L, 1.66 mmol), 
and hexamethylbenzene as an internal standard (5 mg, 0.031 mmol). Toluene-d8 was 
added to bring the total volume to 1 mL. The resulting solution was sealed in an NMR 
tube and heated at 60 °C in an oil-bath. The formation of product was monitored by 
1
H 
NMR spectroscopy at predetermined intervals. 




H NMR (500 MHz, toluene-d8): δ 1.04 (t, 3H, OCH2CH3); 3.1-3.5 (m, 2H, CH2); 3.8-4.0 
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 IndRu(PTA)2H has successfully been synthesized and characterized, completing 
the series of CpRu(PTA)(PR3)H (Cp = C5H5(Cp), C5Me5(Cp*), C8H9(Dp), 
HB(C3N2H3)3(Tp), C9H7(Ind); PR3 = PTA, PPh3). With IndRu(PTA)2H in hand, a broader 
series of Cp complexes are available to better understand the influence of both steric and 
electronic properties of the ancillary ligands Cp on the catalytic activity of the 
complexes, and to get more information on the nature of the key-steps occurring at the 
metal center. 
 IndRu(PTA)2H is found to be water-soluble (S25°C = 15.8 g/L), air sensitive, and 
reacts with chlorinated solvents yielding IndRu(PTA)2Cl. Single crystal X-ray diffraction 
was used to identify the solid state structures of  IndRu(PTA)2H and IndRu(PTA)2Cl. 
Similar with the previously synthesized CpRu(PTA)2H and DpRu(PTA)2H complexes, 
IndRu(PTA)2H is stable in D2O and exhibits an H/D exchange reaction yielding 
IndRu(PTA)2D. The rate of H/D exchange observed is in the order of DpRu(PTA)2H >> 
CpRu(PTA)2H > IndRu(PTA)2H. The slow H/D exchange exhibited by IndRu(PTA)2H 
can be due to the greater steric demand of the indenyl than cyclopentadienyl ligand, and 
the stronger Ru-H bond of IndRu(PTA)2H as evidenced in IR (highest observed (Ru-H) 
among Cp analogues) and supported by the DFT and experimentally calculated Ru-H 
distance of IndRu(PTA)2H. However, the fast H/D exchange kinetics of DpRu(PTA)2H 
can be attributed to the higher electron donating ability of the ancillary ligand Dp causing 




electronic factors are therefore important considerations in H/D exchange reactions of the 
water-soluble ruthenium bis-PTA hydride complexes. 
 Treatment of CpRu(PTA)(PR3)H with CS2 afforded air-stable novel 






P NMR, IR, and HRMS-ESI+ analysis. The solid state structure for the 
CpRu(PTA)2(SC(S)H) and TpRu(PTA)(PPh3)(SC(S)H) show that both bis-PTA and 
mixed-phosphine ruthenium hydride complexes insert CS2 in an η
1
-binding fashion. 
Kinetic results indicate the significant role of electronic and steric factors in insertion of 
CS2 into the Ru-H bond of CpRu(PTA)(PR3)H. The bis-PTA CpRu(PTA)2(SC(S)H) 
complexes exhibit fast kinetics compared with the CpRu(PTA)(PPh3)(SC(S)H), which 
can be attributed to the small size and better electron donor ability of PTA over PPh3. 
Since PTA binds stronger to the ruthenium center than PPh3, kinetic observations suggest 
that the mechanism for the CS2 insertion into Ru-H bond involves a four-centered 
intermediate which does not require an open coordination site. Furthermore, the rate of 
CS2 insertion observed for CpRu(PTA)(PPh3)H is in the order of Cp* > Tp > Dp > Cp > 
Ind, a result of interplay of electronic and steric factors of the Cp capping ligand. 
 Insertion of the structurally similar CO2 into the Ru-H bond of 
CpRu(PTA)(PR3)H was found to be unfavorable; while insertion of bulkier unsaturated 
organic molecules such as phenyl isothiocyanate and phenyl isocyanate were found to be 
much slower compared with CS2 insertion.  
 The chloride version of CpRu(PTA)(PR3)H complexes serve as efficient catalysts 




AIBN as a radical source. In addition, the chlorinated bis-PTA complexes 
CpRu(PTA)2Cl (where Cp = Cp, Dp, Ind) undergo metathesis reaction with CH3Li 
yielding CpRu(PTA)2(CH3). Slow formation and facile decomposition of 
CpRu(PTA)2(CH3) were observed. These methylated products when treated with CO2 
can be potential sources of metal acetates. Moreover, CpRu(PTA)2(CH3) can be used to 
investigate insertion of unsaturated organic molecules such CS2 into the metal-carbon 














































































Bond lengths [Å] and angles [°] for IndRu(PTA)2H (1), BJF430. 





Raw Data for the H/D exchange reaction of IndRu(PTA)2H (1) with 
D2O at 25 °C.  
Raw Data for the H/D exchange reaction of IndRu(PTA)2H (1) with 
D2O at 30 °C. 
Raw Data for the H/D exchange reaction of IndRu(PTA)2H (1) with 
D2O at 35 °C. 
Raw Data for the H/D exchange reaction of IndRu(PTA)2H (1) with 
D2O at 40 °C. 
Raw Data for the H/D exchange reaction of IndRu(PTA)2H (1) with 
D2O at 45 °C. 
Raw Data for the H/D exchange reaction of IndRu(PTA)2D (1D) with 
H2O at 35 °C. 
Data for the calculation of kinetics parameters for the H/D exchange of 
IndRu(PTA)2H (1) with D2O. 




calculation for H/D exchange of 
IndRu(PTA)2H (1) with D2O. 
Error analysis for Ea calculation for H/D exchange of IndRu(PTA)2H 
(1) with D2O. 
Raw Data for the H/D exchange reaction of DpRu(PTA)2H (3) with 
D2O at 0 °C. 
Raw Data for the H/D exchange reaction of DpRu(PTA)2H (3) with 
D2O at 5 °C. 
Raw Data for the H/D exchange reaction of DpRu(PTA)2H (3) with 
D2O at 10 °C. 
Raw Data for the H/D exchange reaction of DpRu(PTA)2H (3) with 
D2O at 15 °C. 
Data for the calculation of kinetics parameters for the H/D exchange of 
DpRu(PTA)2H (3) with D2O. 




calculation for H/D exchange of 
DpRu(PTA)2H (3)with D2O. 
Error analysis for Ea calculation for H/D exchange of DpRu(PTA)2H 




























































Plot of ln([Ao]/[At]) versus time (seconds) for IndRu(PTA)2H (1) at 
25 °C. 
Plot of ln([Ao]/[At]) versus time (seconds) for IndRu(PTA)2H (1) at 
30 °C. 
Plot of ln([Ao]/[At]) versus time (seconds) for IndRu(PTA)2H (1) at 
35 °C. 
Plot of ln([Ao]/[At]) versus time (seconds) for IndRu(PTA)2H (1) at 
40 °C. 
Plot of ln([Ao]/[At]) versus time (seconds) for IndRu(PTA)2H (1) at 
45 °C. 
Arrhenius plot of the H/D exchange between IndRu(PTA)2H (1) and 
D2O. 
Eyring plot of the H/D exchange between IndRu(PTA)2H (1) and D2O. 
IR spectra of DpRu(PTA)2H (complex 3, red) and DpRu(PTA)2D 












































C NMR spectrum of IndRu(PPh3)(PTA)(SC(S)H) (10) in CDCl3; 
solvent (S). 
1
H NMR spectrum of IndRu(PTA)(PPh3)(SC(S)H) (10) in d8-toluene. 
31
P NMR spectrum of IndRu(PTA)(PPh3)(SC(S)H) (10) in d8-toluene. 
13
C NMR spectrum of Cp*Ru(PPh3)(PTA)(SC(S)H) (11) in CDCl3; 
solvent (S). 
1
H NMR spectrum of Cp*Ru(PTA)(PPh3)(SC(S)H) (11) in CDCl3; 
solvent (S). 
31
P NMR spectrum of Cp*Ru(PTA)(PPh3)(SC(S)H) (11) in CDCl3. 
13
C NMR spectrum of DpRu(PPh3)(PTA)(SC(S)H) (12) in CDCl3; 
solvent (S). 
1
H NMR spectrum of DpRu(PTA)(PPh3)(SC(S)H) (12) in CDCl3; 
solvent (S). 
31
P NMR spectrum of DpRu(PTA)(PPh3)(SC(S)H) (12) in d8-toluene. 
13
C NMR spectrum of CpRu(PPh3)(PTA)(SC(S)H) (13) in CDCl3; 
solvent (S). 
1
H NMR spectrum of CpRu(PTA)(PPh3)(SC(S)H) (13) in d8-toluene; 
solvent (S). 
31
P NMR spectrum of CpRu(PTA)(PPh3)(SC(S)H) (13) in d8-toluene. 
13
C NMR spectrum of TpRu(PPh3)(PTA)(SC(S)H) (14) in CDCl3; 
solvent (S). 
1
H NMR spectrum of TpRu(PTA)(PPh3)(SC(S)H) (14) in CDCl3; 
solvent (S). 
31
P NMR spectrum of TpRu(PTA)(PPh3)(SC(S)H) (14) in CDCl3. 
13












































































H NMR spectrum of DpRu(PTA)2(SC(S)H) (15) in CDCl3; solvent 
(S). 
31
P NMR spectrum of DpRu(PTA)2(SC(S)H) (15) in CDCl3. 
13
C NMR spectrum of IndRu(PTA)2(SC(S)H) (16)  in CDCl3; solvent 
(S). 
1
H NMR spectrum of IndRu(PTA)2(SC(S)H) (16) in CDCl3; solvent 
(S), residual water (*). 
31
P NMR spectrum of IndRu(PTA)2(SC(S)H) (16) in d8-toluene. 
13
C NMR spectrum of CpRu(PTA)2(SC(S)H) (17) in CDCl3; solvent 
(S). 
1
H NMR spectrum of CpRu(PTA)2(SC(S)H) (17) in CDCl3; solvent 
(S). 
31
P NMR spectrum of CpRu(PTA)2(SC(S)H) (17) in CDCl3. 
Mass spectrum (bottom) along with computer simulation (top) of 
DpRu(PTA)2(SC(S)H) (15). 
Mass spectrum (bottom) along with computer simulation (top) of 
IndRu(PTA)2(SC(S)H) (16). 
Mass spectrum (bottom) along with computer simulation (top) of 
CpRu(PTA)2(SC(S)H) (17). 
Mass spectrum (bottom) along with computer simulation (top) of 
IndRu(PTA)(PPh3)(SC(S)H) (10). 
Mass spectrum (bottom) along with computer simulation (top) of 
Cp*Ru(PTA)(PPh3)(SC(S)H) (11). 
Mass spectrum (bottom) along with computer simulation (top) of 
DpRu(PTA)(PPh3)(SC(S)H) (12). 
Mass spectrum (bottom) along with computer simulation (top) of 
CpRu(PTA)(PPh3)(SC(S)H) (13). 
Mass spectrum (bottom) along with computer simulation (top) of 
TpRu(PTA)(PPh3)(SC(S)H) (14). 
1
H NMR spectra over time for the reaction of CpRu(PTA)2H with CS2 
in d8-toluene.  
1
H NMR spectra over time for the reaction of IndRu(PTA)(PPh3)H 
with CS2 in d8-toluene. 
Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
IndRu(PTA)(PPh3)H. 
1
H NMR spectra over time for the reaction of Cp*Ru(PTA)(PPh3)H 
with CS2 in d8-toluene. 
Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
Cp*Ru(PTA)(PPh3)H. 
1
H NMR spectra over time for the reaction of DpRu(PTA)(PPh3)H 
with CS2 in d8-toluene. 
Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
DpRu(PTA)(PPh3)H. 
1






























































































with CS2 in d8-toluene. 
Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
CpRu(PTA)(PPh3)H. 
1
H NMR spectra over time for the reaction of TpRu(PTA)(PPh3)H 
with CS2 in d8-toluene. 
Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
TpRu(PTA)(PPh3)H. 
IR spectra of IndRu(PTA)(PPh3)H (6) (blue) and 
IndRu(PTA)(PPh3)(SC(S)H) (10) (red). 
IR spectra of Cp*Ru(PTA)(PPh3)H (5) (blue) and 
Cp*Ru(PTA)(PPh3)(SC(S)H) (11) (red). 
IR spectra of DpRu(PTA)(PPh3)H (7) (blue) and 
Dp(PTA)(PPh3)(SC(S)H) (12) (red). 
IR spectra of CpRu(PTA)(PPh3)H (8) (blue) and 
Cp(PTA)(PPh3)(SC(S)H) (13) (red). 
IR spectra of TpRu(PTA)(PPh3)H (4) (blue) and 
Tp(PTA)(PPh3)(SC(S)H) (14) (red). 
IR spectra of DpRu(PTA)2H (3) (blue) and DpRu(PTA)2(SC(S)H) (15) 
(red). 
IR spectra of CpRu(PTA)2H (9) (blue) and CpRu(PTA)2(SC(S)H) (17) 
(red). 
IR spectrum of IndRu(PTA)2H (1). 
IR spectrum of DpRu(PTA)2H (3). 
IR spectrum of TpRu(PTA)(PPh3)H (4). 
IR spectrum of Cp*Ru(PTA)(PPh3)H (5). 
IR spectrum of IndRu(PTA)(PPh3)H (6). 
IR spectrum of DpRu(PTA)(PPh3)H (7). 
IR spectrum of CpRu(PTA)(PPh3)H (8). 
IR spectrum of CpRu(PTA)2H (9). 
Whole high resolution ESI-MS (positive) spectrum of 
TpRu(PTA)(PPh3)(OC(O)H) in acetonitrile (top figure). Middle two 
figures are expanded spectra of TpRu(PTA)(PPh3)(OC(O)H). Bottom 
figure shows computer generated spectrum of 
TpRu(PTA)(PPh3)(OC(O)H). 
Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)(PPh3)(OC(O)H) in acetonitrile (top and middle figures). 
Bottom figure shows computer generated spectrum of 
CpRu(PTA)(PPh3)(OC(O)H). 
Whole (top) and expanded (bottom) high resolution ESI-MS (positive) 
spectra of Cp*Ru(PTA)(PPh3)(OC(O)H) in acetonitrile. 
Expanded high resolution ESI-MS (positive) spectra of 
DpRu(PTA)(PPh3)(OC(O)H) in acetonitrile.  
Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(SC(NPh)H) (21) in acetonitrile (top). Bottom figure 






























































































Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2(SC(NPh)H) (22) in acetonitrile/methanol solution (top). 
Bottom figure shows computer generated spectrum of 
IndRu(PTA)2(SC(NPh)H) (22). 
Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)2(SC(NPh)H) (23) in acetonitrile/methanol solution (top). 
Bottom figure shows computer generated spectrum of 
DpRu(PTA)2(SC(NPh)H) (23). 
Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)(PPh3)(SC(NPh)H) (24) in acetonitrile (top). Bottom 
figure shows computer generated spectrum of 
DpRu(PTA)(PPh3)(SC(NPh)H) (24). 
Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)(PPh3)(SC(NPh)H) (25) in acetonitrile (top). Bottom 
figure shows computer generated spectrum of 
IndRu(PTA)(PPh3)(SC(NPh)H) (25). 
Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)(PPh3)(SC(NPh)H) (26) in acetonitrile (top). Bottom 
figure shows computer generated spectrum of 
CpRu(PTA)(PPh3)(SC(NPh)H) (26). 
Expanded high resolution ESI-MS (positive) spectrum of 
TpRu(PTA)(PPh3)(SC(NPh)H) (27) in acetonitrile (top). Bottom 
figure shows computer generated spectrum of 
TpRu(PTA)(PPh3)(SC(NPh)H) (27). 
Expanded high resolution ESI-MS (positive) spectrum of 
Cp*Ru(PTA)(PPh3)(SC(NPh)H) (28) in acetonitrile (top). Bottom 
figure shows computer generated spectrum of 
Cp*Ru(PTA)(PPh3)(SC(NPh)H) (28). 
Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(OC(NPh)H) (29) in acetonitrile (top). Bottom figure 
shows computer generated spectrum of CpRu(PTA)2(OC(NPh)H) 
(29). 
Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)2(OC(NPh)H) (30) in acetonitrile (top). Bottom figure 
shows computer generated spectrum of DpRu(PTA)2(OC(NPh)H) 
(30). 
Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2(OC(NPh)H) (31) in acetonitrile (top). Bottom figure 




H NMR spectra of CpRu(PTA)2(SC(NPh)H) (21) (top) and 
CpRu(PTA)2H (9) (bottom)  in C6D6. 
1
H NMR spectrum of CpRu(PTA)2(SC(NPh)H) (21) in C6D6. 
31
P NMR spectrum of CpRu(PTA)2(SC(NPh)H) (21) in C6D6. 
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P NMR spectrum of IndRu(PTA)2(SC(NPh)H) (22) in C6D6. 
1
H NMR spectrum of DpRu(PTA)2(SC(NPh)H) (23) in CDCl3. 
31
P NMR spectrum of DpRu(PTA)2(SC(NPh)H) (23) in CDCl3. 
1
H NMR spectrum of DpRu(PTA)(PPh3)(SC(NPh)H) (24) in C6D6. 
31
P NMR spectrum of DpRu(PTA)(PPh3)(SC(NPh)H) (24) in C6D6. 
13
C NMR spectrum of DpRu(PTA)(PPh3)(SC(NPh)H) (24) in C6D6. 
1
H NMR spectrum of IndRu(PTA)(PPh3)(SC(NPh)H) (25) in C6D6. 
31
P NMR spectrum of IndRu(PTA)(PPh3)(SC(NPh)H) (25) in C6D6. 
13
C NMR spectrum of IndRu(PTA)(PPh3)(SC(NPh)H) (25) in C6D6. 
1
H NMR spectrum of CpRu(PTA)(PPh3)(SC(NPh)H) (26) in C6D6. 
1





















Crystal data and structure refinement for TpRu(PTA)(PPh3)(SC(S)H) 
(14), BJF439. 
Bond lengths [Å] and angles [°] for TpRu(PTA)(PPh3)(SC(S)H) (14), 
BJF439. 
Crystal data and structure refinement for CpRu(PTA)2(SC(S)H) (17), 
BJF102. 




































Appendix for Chapter 2 
Synthesis, Characterization, and H/D Exchange Reaction of IndRu(PTA)2H 
 
















Empirical formula C21H32N6O3P2Ru C21H31ClN6P2Ru C27H43ClN9O4P3Ru 
Formula weight 579.54 565.98 787.13 
Color Pale yellow Orange Yellow 
T(K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Triclinic Orthorhombic Triclinic 
Space group P-1 Pbca P-1 
a (Å) 6.2430(3) 18.0195(2) 11.2115(4) 
b (Å) 11.8570(6) 12.50350(10) 11.6519(4) 
c (Å) 19.1640(11) 40.1336(3) 15.2008(5) 
 (deg) 72.292(3) 90 111.748(2) 
 (deg) 88.761(3) 90 90.671(2) 
 (deg) 80.844(3) 90 114.265(2) 
Volume (Å
3
) 1333.61(12) 9042.37(14) 1649.64(10) 
Z 2 8 2 
Dcalcd (Mg/m
3
) 1.443 1.663 1.585 
Abs coeff (mm
-1
) 0.740 0.976 0.751 
Crystal size (mm
3
) 0.35 x 0.09 x 0.07 0.13 x 0.09 x 0.08 0.26 x 0.08 x 0.05 




-8  h  8 
-16  k  16 
-26  l  26 
-25  h  14 
-17  k  17 
-56  l  56 
-15  h  15 
-16  k  16 
-21  l  21 





[R(int) = 0.0451] 
13259 
[R(int) = 0.0878] 
9588 
[R(int) = 0.0400] 
abs correction SADABS SADABS SADABS 
data/restraints/params 7767 / 0 / 312 13259 / 0 / 559 9588 / 0 / 388 
GOF on F
2
 1.110 1.051 1.048 
final R indices 
[I>2(I)] 
R1 = 0.0538 
wR2 = 0.1480 
R1 = 0.0387 
wR2 = 0.0724 
R1 = 0.0705 
wR2 = 0.2044 
R indices 
(all data) 
R1 = 0.0587 
wR2 = 0.1510 
R1 = 0.0654 
wR2 = 0.0839 
R1 = 0.0792 








Table 2.2-S.   Bond lengths [Å] and angles [°] for IndRu(PTA)2H (1), BJF430. 
_________________________________ 
Ru(1)-C(15)  2.167(3) 
Ru(1)-C(16)  2.191(3) 
Ru(1)-C(14)  2.212(3) 
Ru(1)-P(1)  2.2263(7) 
Ru(1)-P(2)  2.2667(7) 
Ru(1)-C(13)  2.329(3) 
Ru(1)-C(17)  2.356(3) 
Ru(1)-Cl(1)  2.4408(7) 
Ru(2)-C(36)  2.169(3) 
Ru(2)-C(35)  2.186(3) 
Ru(2)-C(37)  2.217(3) 
Ru(2)-P(3)  2.2256(7) 
Ru(2)-P(4)  2.2856(7) 
Ru(2)-C(38)  2.337(3) 
Ru(2)-C(34)  2.344(3) 
Ru(2)-Cl(2)  2.4526(7) 
P(2)-C(8)  1.842(3) 
P(2)-C(9)  1.845(3) 
P(2)-C(7)  1.851(3) 
P(1)-C(1)  1.843(3) 
P(1)-C(2)  1.850(3) 
P(1)-C(3)  1.853(3) 
P(3)-C(24)  1.849(3) 
P(3)-C(22)  1.851(3) 
P(3)-C(23)  1.851(3) 
P(4)-C(29)  1.845(3) 
P(4)-C(30)  1.848(3) 
P(4)-C(28)  1.855(3) 
N(1)-C(4)  1.466(4) 
N(1)-C(5)  1.468(4) 
N(1)-C(1)  1.475(3) 
C(23)-N(8)  1.468(4) 
C(23)-H(23A)  0.9900 
C(23)-H(23B)  0.9900 
N(3)-C(5)  1.461(4) 
N(3)-C(6)  1.468(4) 
N(3)-C(3)  1.473(4) 
N(8)-C(25)  1.466(4) 
N(8)-C(27)  1.468(4) 
C(2)-N(2)  1.474(4) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
N(12)-C(32)  1.469(4) 
N(12)-C(33)  1.471(4) 
N(12)-C(30)  1.474(4) 
N(11)-C(31)  1.465(4) 
N(11)-C(33)  1.467(4) 
N(11)-C(29)  1.471(4) 
N(5)-C(10)  1.458(4) 
N(5)-C(12)  1.467(4) 
N(5)-C(8)  1.477(3) 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(11)-N(6)  1.467(4) 
C(11)-N(4)  1.469(4) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
N(10)-C(32)  1.463(4) 
N(10)-C(31)  1.464(4) 
N(10)-C(28)  1.479(3) 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
N(9)-C(27)  1.468(4) 
N(9)-C(26)  1.471(4) 
N(9)-C(24)  1.477(4) 
C(22)-N(7)  1.479(4) 
C(22)-H(22A)  0.9900 
C(22)-H(22B)  0.9900 
C(30)-H(30A)  0.9900 
C(30)-H(30B)  0.9900 
N(6)-C(9)  1.467(4) 
N(6)-C(12)  1.474(4) 
C(6)-N(2)  1.474(4) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(17)-C(18)  1.411(4) 
C(17)-C(13)  1.439(4) 
C(17)-C(16)  1.450(4) 
C(13)-C(21)  1.421(4) 
C(13)-C(14)  1.434(4) 
C(4)-N(2)  1.474(4) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(1)-H(1A)  0.9900 




C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(24)-H(24A)  0.9900 
C(24)-H(24B)  0.9900 
C(7)-N(4)  1.474(3) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(10)-N(4)  1.468(4) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(29)-H(29A)  0.9900 
C(29)-H(29B)  0.9900 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
N(7)-C(26)  1.466(4) 
N(7)-C(25)  1.470(4) 
C(32)-H(32A)  0.9900 
C(32)-H(32B)  0.9900 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(19)-C(18)  1.366(5) 
C(19)-C(20)  1.414(5) 
C(19)-H(19A)  0.9500 
C(25)-H(25A)  0.9900 
C(25)-H(25B)  0.9900 
C(31)-H(31A)  0.9900 
C(31)-H(31B)  0.9900 
C(42)-C(41)  1.348(5) 
C(42)-C(34)  1.417(4) 
C(42)-H(42A)  0.9500 
C(16)-C(15)  1.423(4) 
C(16)-H(16A)  1.0000 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(26)-H(26A)  0.9900 
C(26)-H(26B)  0.9900 
C(34)-C(38)  1.432(4) 
C(34)-C(35)  1.438(4) 
C(27)-H(27A)  0.9900 
C(27)-H(27B)  0.9900 
C(38)-C(39)  1.418(4) 
C(38)-C(37)  1.443(4) 
C(21)-C(20)  1.357(4) 
C(21)-H(21A)  0.9500 
C(28)-H(28A)  0.9900 
C(28)-H(28B)  0.9900 
C(35)-C(36)  1.421(5) 
C(35)-H(35A)  1.0000 
C(40)-C(39)  1.371(5) 
C(40)-C(41)  1.393(5) 
C(40)-H(40A)  0.9500 
C(39)-H(39A)  0.9500 
C(20)-H(20A)  0.9500 
C(18)-H(18A)  0.9500 
C(41)-H(41A)  0.9500 
C(37)-C(36)  1.420(5) 
C(37)-H(37A)  1.0000 
C(14)-C(15)  1.428(4) 
C(14)-H(14A)  1.0000 
C(15)-H(15A)  1.0000 



























































































































































































































































































































































































Table 2.3-S.   Bond lengths [Å] and angles [°] for [IndRu(PTA)3]Cl, BJF432. 
_________________________________ 
Ru(1)-C(21)  2.214(5) 
Ru(1)-C(20)  2.227(5) 
Ru(1)-P(3)  2.2402(11) 
Ru(1)-C(22)  2.247(5) 
Ru(1)-P(2)  2.2816(13) 
Ru(1)-P(1)  2.2838(11) 
Ru(1)-C(19)  2.361(5) 
Ru(1)-C(23)  2.378(5) 
P(1)-C(1)  1.848(4) 
P(1)-C(2)  1.849(4) 
P(1)-C(3)  1.854(5) 
P(3)-C(15)  1.846(4) 
P(3)-C(13)  1.854(5) 
P(3)-C(14)  1.851(4) 
P(2)-C(9)  1.846(5) 
P(2)-C(7)  1.859(5) 
P(2)-C(8)  1.853(5) 
N(1)-C(5)  1.465(6) 
N(1)-C(4)  1.466(6) 
N(1)-C(1)  1.471(5) 
N(9)-C(18)  1.471(6) 
N(9)-C(17)  1.467(6) 
N(9)-C(15)  1.474(6) 
N(3)-C(6)  1.464(6) 
N(3)-C(3)  1.468(6) 
N(3)-C(5)  1.474(6) 
N(2)-C(6)  1.465(6) 
N(2)-C(4)  1.478(6) 
N(2)-C(2)  1.474(5) 
N(8)-C(16)  1.461(6) 
N(8)-C(18)  1.469(6) 
N(8)-C(14)  1.476(5) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(1)-H(1A)  0.9900 
C(1)-H(1B)  0.9900 
C(13)-N(7)  1.466(6) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
N(7)-C(17)  1.472(6) 
N(7)-C(16)  1.473(7) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
 
C(19)-C(23)  1.433(6) 
C(19)-C(27)  1.422(7) 
C(19)-C(20)  1.436(8) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
N(4)-C(11)  1.459(9) 
N(4)-C(10)  1.472(7) 
N(4)-C(7)  1.480(6) 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(27)-C(26)  1.360(8) 
C(27)-H(27A)  0.9500 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(21)-C(22)  1.407(8) 
C(21)-C(20)  1.428(7) 
C(21)-H(21A)  1.0000 
N(6)-C(12)  1.466(7) 
N(6)-C(11)  1.438(10) 
N(6)-C(9)  1.471(8) 
C(23)-C(24)  1.417(8) 
C(23)-C(22)  1.438(8) 
C(22)-H(22A)  1.0000 
N(5)-C(10)  1.438(10) 
N(5)-C(8)  1.471(7) 
N(5)-C(12)  1.475(10) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(20)-H(20A)  1.0000 
C(8)-H(8A)  0.9900 




C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(25)-C(24)  1.373(9) 
C(25)-C(26)  1.420(8) 
C(25)-H(25A)  0.9500 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(24)-H(24A)  0.9500 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(26)-H(26A)  0.9500 










































































































































































































































Table 2.4-S. Raw Data for the H/D exchange reaction of 0.010 M IndRu(PTA)2H (1) with D2O. 





spectroscopy over time. Temperature = 25 °C 
Disappearance of singlet resonance at 17.4 ppm, 
IndRu(PTA)2H 














































































Table 2.5-S. Raw Data for the H/D exchange reaction of IndRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. 
Temperature = 30 °C 










































































Table 2.6-S. Raw Data for the H/D exchange reaction of IndRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. 
Temperature = 35 °C 
























































Table 2.7-S. Raw Data for the H/D exchange reaction of IndRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. Temperature = 40 °C 













































Table 2.8-S. Raw Data for the H/D exchange reaction of IndRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. Temperature = 45 °C 

























Table 2.9-S. Raw Data for the H/D exchange reaction of IndRu(PTA)2D (0.010 M) with H2O. 
Peak height of singlet PTA resonance at 17.4 ppm and three-line-patterned PTA resonance at 




H} NMR spectroscopy over time. Temperature = 35 °C 
Time, min Singlet appearance at  
17.4 ppm, 
Peak height, mm 
Three-line-patterned peak disappearance at 
17.3 ppm, 
Peak height, mm 
0 13.0972  
3 22.1942  
6 36.7459 63.7034 
9 44.3896 60.8666 
12 52.6057 54.1108 
15 60.4827 52.4368 
18 69.6062 48.3084 
21 74.7107 46.3227 
24 79.1321 43.8779 
27 86.965 40.3779 
30 93.3586 37.655 
33 96.4974 37.4751 
36 101.597 34.8923 
42 105.26 32.8265 
45 108.547 29.6152 
48 115.244 29.3884 
51 118.864 28.3682 
54 119.353 26.3916 
57 120.522 19.5314 
60 125.424 18.914 
66 127.904 17.2081 
72 130.715 13.7399 
75 133.093  
78 133.843  
81 137.771  
84 140.463  
87 142.796  
93 144.226  
96 144.824  
99 148.62  
102 153.642  
105 156.402  
111 158.923  
114 159.036  
117 159.911  
120 166.521  
188 
 
Table 2.10-S. Data for the calculation of kinetics parameters for the H/D exchange of 
IndRu(PTA)2H (1) with D2O. 
T, °C T, K T
-1
 kobs ln(kobs/T) ln(kobs) 
25 298 3.355705 4.22 x 10
-05
 -15.7702 -10.0731 
30 303 3.300330 7.40 x 10
-05
 -15.2252 -9.51145 
35 308 3.246753 7.45 x 10
-05
 -15.2348 -9.50471 
40 313 3.194888 2.50 x 10
-04
 -14.0423 -8.29605 
45 318 3.144654 4.58 x 10
-04










calculation for H/D exchange of 
IndRu(PTA)2H (1) with D2O. 






SUMMARY OUTPUT  
   Regression Statistics 
    
Multiple R 0.95468789 
    
R Square 0.911428967 
    
Adjusted R Square 0.88190529 
    
Standard Error 0.330190697 
    
Observations 5 
    
ANOVA 
     
  df SS MS F Significance F 
Regression 1 3.365751449 3.365751 30.87112 0.01149956 
Residual 3 0.32707769 0.109026 
  
Total 4 3.692829139       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 20.97306745 6.430128051 3.261687 0.047072 0.5095302 41.4366 

















    
Regression Statistics 
     
Multiple R 0.956920567 
     
R Square 0.915696971 
     
Adjusted R Square 0.887595961 
     
Standard Error 0.330381047 
     
Observations 5 
     
       
ANOVA 
      
  df SS MS F Significance F 
 
Regression 1 3.556805373 3.556805 32.58591 0.01066381 
 
Residual 3 0.327454908 0.109152 
   
Total 4 3.884260281       
 
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 27.70264872 6.433834913 4.305775 0.023058 7.22731457 48.17798 




Figure 2.1-S. Plot of ln([Ao]/[At]) versus time (seconds) for H/D reaction of 
IndRu(PTA)2H (1) with D2O at 25 °C. 
y = 0.0000422x + 0.1161070 


























Figure 2.2-S. Plot of ln([Ao]/[At]) versus time (seconds) for H/D reaction of 
IndRu(PTA)2H (1) with D2O at 30 °C. 
 
 
Figure 2.3-S. Plot of ln([Ao]/[At]) versus time (seconds) for H/D reaction of 
IndRu(PTA)2H (1) with D2O at 35 °C. 
y = 0.0000740x + 0.1342392 



















Time , seconds 
y = 0.0000745x + 0.0434671 























Figure 2.4-S. Plot of ln([Ao]/[At]) versus time (seconds) for H/D reaction of 
IndRu(PTA)2H (1) with D2O at 40 °C. 
 
 
Figure 2.5-S. Plot of ln([Ao]/[At]) versus time (seconds) for H/D reaction of 
IndRu(PTA)2H (1) with D2O at 45 °C. 
y = 0.0002495x + 0.0595138 






















y = 0.0004584x + 0.0418352 






























Figure 2.7-S. Eyring Plot of the H/D Exchange between IndRu(PTA)2H (1) and D2O. 
 
 
y = -11303x + 27.703 













(1/T) in Kelvin-1 
y = -10995x + 20.973 

















Table 2.13-S. Raw Data for the H/D exchange reaction of DpRu(PTA)2H* (3) with D2O. 





spectroscopy over time. 
Temperature = 0 °C 
Time, min Disappearance of singlet 
resonance at 15.6 ppm 






















Table 2.14-S. Raw Data for the H/D exchange reaction of DpRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. 
Temperature = 5 °C 












Table 2.15-S. Raw Data for the H/D exchange reaction of DpRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. 
Temperature = 10 °C 










Table 2.16-S. Raw Data for the H/D exchange reaction of DpRu(PTA)2H (0.010 M) with 





NMR spectroscopy over time. 
Temperature = 15 °C 







Table 2.17-S. Data for the calculation of kinetics parameters for the H/D exchange of 
DpRu(PTA)2H (3) with D2O. 
T, °C T, K T
-1
 kobs ln(kobs/T) ln(kobs) 
5 278 3.597122 1.70E-03 -12.0046 -6.37695 
10 283 3.533569 1.77E-03 -11.9847 -6.33921 


















calculation for H/D exchange of 
DpRu(PTA)2H (3) with D2O. 
SUMMARY OUTPUT 
     Regression Statistics 
     
Multiple R 0.945349 
     
R Square 0.893685 
     
Adjusted R Square 0.78737 
     
Standard Error 0.022925 
     
Observations 3 
     
ANOVA 
      
  df SS MS F Significance F 
 
Regression 1 0.004417919 0.004418 8.406024 0.211442 
 
Residual 1 0.000525566 0.000526 
   
Total 2 0.004943485       
 
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept -9.30673 0.917471141 -10.1439 0.062557 -20.9643 2.350846 




Table 2.19-S. Error analysis for Ea calculation for H/D exchange of DpRu(PTA)2H (3) 
with D2O. 
SUMMARY OUTPUT 
     
Regression Statistics 
     
Multiple R 0.96967 
     
R Square 0.94026 
     
Adjusted R Square 0.88052 
     
Standard Error 0.023053 
     
Observations 3 
     
ANOVA 
      
  df SS MS F Significance F 
 
Regression 1 0.008364225 0.008364 15.73924 0.157193 
 
Residual 1 0.000531425 0.000531 
   
Total 2 0.00889565       
 
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept -2.66144 0.922571143 -2.88481 0.212428 -14.3838 9.060938 
X Variable 1 -1.03548 0.26100613 -3.96727 0.157193 -4.35188 2.280915 





Figure 2.8-S. IR spectra of DpRu(PTA)2H (complex 3, red) and DpRu(PTA)2D (complex 3D, blue) with (Ru-H) and (Ru-D) 
labeled.  




















Appendix for Chapter 3 
Insertion Reactions of Heteroallenes (CS2 and CO2) and Bulkier Molecules (X=C=N-Ph where X = S, O) into the Ru-H bond of 
CpRu(PTA)(PR3)H (where Cp = Cp, Dp, Cp*, Ind, Tp; PR3 = PTA or PPh3) Complexes 
Carbon Disulfide Insertion into the Ru-H bond of CpRu(PTA)(PR3)H 
(where PR3 = PTA or PPh3) 
Figure 3.1.a-S.: 
13


































































































































































































































































































































H NMR spectra over time for the reaction of IndRu(PTA)(PPh3)H with 
CS2 in d8-toluene.  
 
Figure 3.19-S. Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
IndRu(PTA)(PPh3)H. 
 

























H NMR spectra over time for the reaction of Cp*Ru(PTA)(PPh3)H with 
CS2 in d8-toluene.  
 
 
Figure 3.21-S. Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
Cp*Ru(PTA)(PPh3)H. 
 
























H NMR spectra over time for the reaction of DpRu(PTA)(PPh3)H with 
CS2 in d8-toluene.  
 
 
Figure 3.23-S. Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
DpRu(PTA)(PPh3)H. 
 
























H NMR spectra over time for the reaction of CpRu(PTA)(PPh3)H with 
CS2 in d8-toluene.  
 
 
Figure 3.25-S. Plot of ln([Ao]/[At]) versus t for CS2 insertion into the Ru-H bond of 
CpRu(PTA)(PPh3)H. 
 























H NMR spectra over time for the reaction of TpRu(PTA)(PPh3)H with 
CS2 in d8-toluene.  
 
 






















Figure 3.28-S. IR spectra of IndRu(PTA)(PPh3)H (6) (blue) and 
IndRu(PTA)(PPh3)(SC(S)H) (10) (red). 
 
 
Figure 3.29-S. IR spectra of Cp*Ru(PTA)(PPh3)H (5) (blue) and 
Cp*(PTA)(PPh3)(SC(S)H) (11) (red). 
 
750 850 950 1050 1150 1250 1350 1450 1550 1650 
νas(C=S) 
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Figure 3.30-S. IR spectra of DpRu(PTA)(PPh3)H (7) (blue) and 
Dp(PTA)(PPh3)(SC(S)H) (12) (red). 
 
 
Figure 3.31-S. IR spectra of CpRu(PTA)(PPh3)H (8) (blue) and 
CpRu(PTA)(PPh3)(SC(S)H) (13) (red). 
 
700 800 900 1000 1100 1200 1300 1400 1500 1600 
νas(C=S) 
νs(C=S) 










Figure 3.33-S. IR spectra of DpRu(PTA)2H (3) (blue) and DpRu(PTA)2(SC(S)H) (15) 
(red). 
 
780 880 980 1080 1180 1280 1380 1480 1580 
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Figure 3.35-S. IR spectrum of IndRu(PTA)2H (1). 
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550 800 1050 1300 1550 1800 2050 2300 2550 2800 3050 3300 3550 
ν(Ru-H) 
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Figure 3.43-S.Whole high resolution ESI-MS (positive) spectrum of 
TpRu(PTA)(PPh3)(OC(O)H) in acetonitrile (top figure). Middle two figures are expanded 
spectra of TpRu(PTA)(PPh3)(OC(O)H). Bottom figure shows computer generated 








Figure 3.44-S. Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)(PPh3)(OC(O)H) in acetonitrile (top and middle figures). Bottom figure 












Figure 3.45-S. Whole (top) and expanded (bottom) high resolution ESI-MS (positive) 


















Figure 3.46-S. Expanded high resolution ESI-MS (positive) spectra of 




























Figure 3.47-S. Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(SC(NPh)H) (21) in acetonitrile (top). Bottom figure shows computer 













Figure 3.48-S. Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2(SC(NPh)H) (22) in acetonitrile/methanol solution (top). Bottom figure 
















Figure 3.49-S. Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)2(SC(NPh)H) (23) in acetonitrile/methanol solution (top). Bottom figure 

















Figure 3.50-S. Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)(PPh3)(SC(NPh)H) (24) in acetonitrile (top). Bottom figure shows computer 















Figure 3.51-S. Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)(PPh3)(SC(NPh)H) (25) in acetonitrile (top). Bottom figure shows computer 















Figure 3.52-S. Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)(PPh3)(SC(NPh)H) (26) in acetonitrile (top). Bottom figure shows computer 
















Figure 3.53-S. Expanded high resolution ESI-MS (positive) spectrum of 
TpRu(PTA)(PPh3)(SC(NPh)H) (27) in acetonitrile (top). Bottom figure shows computer 
















Figure 3.54-S. Expanded high resolution ESI-MS (positive) spectrum of 
Cp*Ru(PTA)(PPh3)(SC(NPh)H) (28) in acetonitrile (top). Bottom figure shows computer 

















Figure 3.55-S. Expanded high resolution ESI-MS (positive) spectrum of 
CpRu(PTA)2(OC(NPh)H) (29) in acetonitrile (top). Bottom figure shows computer 














Figure 3.56-S. Expanded high resolution ESI-MS (positive) spectrum of 
DpRu(PTA)2(OC(NPh)H) (30) in acetonitrile (top). Bottom figure shows computer 















Figure 3.57-S. Expanded high resolution ESI-MS (positive) spectrum of 
IndRu(PTA)2(OC(NPh)H) (31) in acetonitrile (top). Bottom figure shows computer 























Figure 3.58-S. Stacked 
1
H NMR spectra of CpRu(PTA)2(SC(NPh)H) (21) (top) and 


























































































































































P NMR spectra of DpRu(PTA)(PPh3)H (7) (bottom) and 











































































































































Table 3.1-S.  Crystal data and structure refinement for TpRu(PTA)(PPh3)(SC(S)H), 
BJF439. 
Identification code  bjf439 
Empirical formula  C35 H42 B N9 O P2 Ru S2 
Formula weight  842.72 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/c 
Unit cell dimensions a = 17.8536(10) Å = 90°. 
 b = 11.2831(6) Å = 97.840(3)°. 
 c = 19.1754(10) Å  = 90°. 
Volume 3826.7(4) Å3 
Z 4 
Density (calculated) 1.463 Mg/m3 
Absorption coefficient 0.645 mm-1 
F(000) 1736 
Crystal size 0.157 x 0.084 x 0.057 mm3 
Theta range for data collection 2.10 to 30.11°. 
Index ranges -24<=h<=25, -15<=k<=15, -26<=l<=26 
Reflections collected 75617 
Independent reflections 11115 [R(int) = 0.1320] 
Completeness to theta = 30.11° 98.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9642 and 0.9055 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11115 / 1 / 465 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0696, wR2 = 0.1641 
R indices (all data) R1 = 0.1248, wR2 = 0.1955 





Table 3.2-S.   Bond lengths [Å] and 




Ru(1)-N(6)  2.134(4) 
Ru(1)-N(8)  2.140(4) 
Ru(1)-N(4)  2.140(4) 
Ru(1)-P(1)  2.3020(13) 
Ru(1)-P(2)  2.3172(13) 
Ru(1)-S(1)  2.3559(13) 
P(2)-C(19)  1.836(5) 
P(2)-C(7)  1.839(5) 
P(2)-C(13)  1.854(5) 
S(1)-C(25)  1.683(5) 
P(1)-C(1)  1.852(5) 
P(1)-C(2)  1.861(5) 
P(1)-C(3)  1.866(5) 
N(8)-C(32)  1.340(6) 
N(8)-N(9)  1.364(6) 
N(3)-C(5)  1.463(7) 
N(3)-C(3)  1.464(6) 
N(3)-C(6)  1.465(7) 
C(29)-N(6)  1.332(6) 
C(29)-C(30)  1.396(7) 
C(29)-H(29A)  0.9500 
N(4)-C(26)  1.331(6) 
N(4)-N(5)  1.363(6) 
N(6)-N(7)  1.362(6) 
N(2)-C(2)  1.461(6) 
N(2)-C(4)  1.471(7) 
N(2)-C(6)  1.472(7) 
C(1)-N(1)  1.484(6) 
C(1)-H(1A)  0.9900 
C(1)-H(1B)  0.9900 
N(7)-C(31)  1.348(7) 
N(7)-B(1)  1.545(8) 
C(2)-H(2A)  0.9900 
C(2)-H(2B)  0.9900 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(7)-C(8)  1.384(7) 
C(7)-C(12)  1.411(7) 
N(5)-C(28)  1.342(6) 
N(5)-B(1)  1.539(7) 
N(9)-C(34)  1.354(7) 
N(9)-B(1)  1.525(7) 
C(5)-N(1)  1.473(7) 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(8)-C(9)  1.385(8) 
C(8)-H(8A)  0.9500 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(13)-C(18)  1.392(7) 
C(13)-C(14)  1.400(7) 
C(32)-C(33)  1.391(8) 
C(32)-H(32A)  0.9500 
C(26)-C(27)  1.397(7) 
C(26)-H(26A)  0.9500 
C(12)-C(11)  1.386(8) 
C(12)-H(12A)  0.9500 
C(18)-C(17)  1.397(8) 
C(18)-H(18A)  0.9500 
C(33)-C(34)  1.375(8) 
C(33)-H(33A)  0.9500 
C(15)-C(16)  1.382(8) 
C(15)-C(14)  1.389(7) 
C(15)-H(15A)  0.9500 
C(9)-C(10)  1.398(8) 
C(9)-H(9A)  0.9500 
C(4)-N(1)  1.473(6) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(14)-H(14A)  0.9500 
C(31)-C(30)  1.379(8) 
C(31)-H(31A)  0.9500 
C(28)-C(27)  1.369(8) 
C(28)-H(28A)  0.9500 
C(27)-H(27A)  0.9500 
C(30)-H(30A)  0.9500 
C(17)-C(16)  1.378(9) 
C(17)-H(17A)  0.9500 
C(11)-C(10)  1.359(9) 
C(11)-H(11A)  0.9500 
C(10)-H(10A)  0.9500 
C(34)-H(34A)  0.9500 
C(16)-H(16A)  0.9500 
S(2)-C(25)  1.663(5) 




C(19)-C(20)  1.392(9) 
C(19)-C(24)  1.386(9) 
B(1)-H(1C)  1.117(19) 
C(20)-C(21)  1.377(9) 
C(20)-H(20A)  0.9500 
C(24)-C(23)  1.405(10) 
C(24)-H(24A)  0.9500 
C(21)-C(22)  1.349(16) 
C(21)-H(21A)  0.9500 
C(23)-C(22)  1.386(15) 
C(23)-H(23A)  0.9500 
C(22)-H(22A)  0.9500 
O(1)-C(35)  1.397(9) 
O(1)-H(1D)  0.8400 
C(35)-H(35C)  0.9800 
C(35)-H(35B)  0.9800 




































































































































































































Symmetry transformations used to generate 





Table 3.3-S.  Crystal data and structure refinement for CpRu(PTA)2(SC(S)H), BJF102. 
Identification code  BJF102 
Empirical formula  C19H32Cl2N6P2RuS2 
 (C5H5)Ru(PC6H12N3)2SC(S)H 
Formula weight  642.54 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 11.1688(4) Å = 90°. 
 b = 21.4324(7) Å = 116.4730(10)°. 
 c = 11.7845(4) Å = 90°. 
Volume 2525.12(15) Å3 
Z 4 
Density (calculated) 1.690 Mg/m3 
Absorption coefficient 1.146 mm-1 
F(000) 1312 
Crystal size 0.81 x 0.29 x 0.08 mm3 
Theta range for data collection 1.90 to 28.37°. 
Index ranges -14≤h≤14, -28≤k≤28, -15≤l≤15 
Reflections collected 34560 
Independent reflections 6313 [R(int) = 0.0206] 
Completeness to theta = 28.37° 99.8 %  
Absorption correction SADABS 
Max. and min. transmission 0.9149 and 0.4581 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6313 / 0 / 417 
Goodness-of-fit on F2 1.054 
Final R indices [I>2sigma(I)] R1 = 0.0213, wR2 = 0.0562 
R indices (all data) R1 = 0.0221, wR2 = 0.0566 






Table 3.4-S. Bond lengths [Å] and angles [°] for CpRu(PTA)2(SC(S)H), BJF102. 
_________________________________ ____________________  
Ru(1)-C(1)  2.2115(15) 
Ru(1)-C(2)  2.2168(15) 
Ru(1)-C(5)  2.2411(15) 
Ru(1)-C(4)  2.2475(15) 
Ru(1)-C(3)  2.2498(15) 
Ru(1)-P(1)  2.2529(4) 
Ru(1)-P(2)  2.2712(4) 
Ru(1)-S(1)  2.3552(4) 
P(1)-C(8)  1.8486(15) 
P(1)-C(7)  1.8542(15) 
P(1)-C(6)  1.8547(15) 
P(2)-C(12)  1.8501(15) 
P(2)-C(14)  1.8533(15) 
P(2)-C(13)  1.8551(15) 
S(1)-C(18)  1.6908(16) 
S(2)-C(18)  1.6531(16) 
N(1)-C(11)  1.4693(19) 
N(1)-C(9)  1.469(2) 
N(1)-C(6)  1.4719(19) 
N(2)-C(10)  1.470(2) 
N(2)-C(9)  1.4722(19) 
N(2)-C(7)  1.4762(18) 
N(3)-C(11)  1.4674(19) 
N(3)-C(10)  1.470(2) 
N(3)-C(8)  1.4748(18) 
N(4)-C(15)  1.465(2) 
N(4)-C(17)  1.467(2) 
N(4)-C(12)  1.4713(19) 
N(5)-C(16)  1.471(2) 
N(5)-C(15)  1.474(2) 
N(5)-C(13)  1.4799(18) 
N(6)-C(16)  1.466(2) 
N(6)-C(17)  1.469(2) 
N(6)-C(14)  1.4759(19) 
C(1)-C(2)  1.417(3) 
C(1)-C(5)  1.431(2) 
C(2)-C(3)  1.425(3) 
C(3)-C(4)  1.420(2) 
C(4)-C(5)  1.405(2) 
C(1S)-Cl(1S)  1.7629(17) 





























































































Symmetry transformations used to 
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